






PREFACE 

The tenth meeting of the International Collaboration on Advanced 
Neutron Sources (ICANS) was held at the Los Alamos National Laboratory 
3-7 October 1988. The two United States participating ICANS laboratories, 
Los Alamos and Argonne, co-hosted the meeting with Gary Russell, Los 
Alamos, serving as chairman. There were 146 participants from ten 
countries representing 28 institutions. The ICANS conference opened with 
status reports from the spallation-source laboratories. During the course of 
the meeting, invited papers were presented in two general interest sessions 
and in target and instrument parallel sessions. An evening panel discussion 
on user requirements for spallation sources yielded a variety of opinions 
while the parallel target and instrument workshop sessions were the 
framework for even more dynamic discussions. Poster sessions were held 
throughout the meeting, and an outing gave participants an opportunity to 
meet informally with their colleagues. Peter Egelstaffs presentation at the 
final session both summarized the meeting and advanced projections for the 
future. 

These proceedings have been organized by sessions. Contributed papers 
have been placed in the contents according to subject matter. It was 
necessary to edit some contributions to the proceedings, either because of the 
original format or method of submission. 

Our deep appreciation is extended to all those who helped make this 
conference a success-Los Alamos National Laboratory management, 
conference organizers, presenters, participants, authors, session chairmen, 
administrative assistants, and other interested parties. Members of the 
ICANS-X organizing committee were Gary Russell, Roger Pynn, Dick 
Woods, Dianne Hyer, Jack Carpenter, and Bruce Brown. The LANSCE 
administrative support staff of Lucille Martinez, Teri Cordova, Paula Geisik, 
and Jan Kapustinsky assisted participants throughout the meeting. Special 
thanks go to those typists, paste-up artists, illustrators, and designers who 
worked on the proceedings: Gail Plower, Andi Kron, Emily Morales, Teri 
Cordova, and Paula Geisik. We thank all other persons who helped in ways 
not mentioned and now turn our thoughts with anticipation to the ICANS XI 
meeting in Japan. 

Los Alamos, August 1989 
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ISIS status report 

J. L. Finney and D. A. Gray 
Rutherford-Appleton Laboratory 
Didcot, Oxon, OX1 1 OQX 
UNITED KINGDOM 

ABSTRACT: We review the progress on ISIS, the pulsed neutron source at 
the Rutherford-Appleton Laboratory, since the last ICANS meeting. The 
machine is now running regularly at 100 fi at 750 MeV, and delivering 
neutrons for an increasing UK and international neutron scattering progmmme. 
The current status of the operating and development instruments is 
summarised, and some examples given of recent science. 

1. INTRODUCTION 

At the last ICANS meeting in September 1986 (Gray 1987) it was reported that 

ISIS was running at 550 MeV with 3 x 101* protons per pulse on target at 50 

Hz, i.e. a mean current of 24 pA. 

ISIS is now running at a peak of over 100 pA at 750 MeV with a fully scheduled 

set of neutron spectrometers. It has just completed its most successful cycle 

ever, achieving record peak currents ; records of integrated current per day 

were broken on three occasions, when figures greater than 2000 pA hrs were 

logged. 

This paper gives information on the development of the source, current UK and 

international usage, and outlines the current state of development of the 

spectrometers, giving some examples of the science. Detailed reports on ISIS 

for the two years to March 1988 are given in ISIS 1987 (Rutherford Appleton 

Laboratory 1987) and ISIS 1988 (Rutherford Appleton Laboratory 1988). 
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2. Rl?AmmOF OPERATION 

The integrated beam current (pAA-hr) per month since June 1986 is shown in 

Figure 1. In the calendar year 1986, 22,600 pA-hrs were achieved with 121,000 

in 1987 and 129,000 pA-hrs so far in 1988. During the month of August 1988, 

37,002 pA-hr were delivered to the target (see Figure 2). The highest average 

current over one day in August was 84 pA with the peak at just over 100 pA. 

This maximum average daily 

September. Over the month 

were two two-day shutdowns 

until 15 September. 

current was increased to 86 pA over 24 hours in 

of August, the average current was 56 p. There 

caused by equipment failure. The run continued 
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Fig. 1 Integrated ISIS beam current in pA hrs from June 1986 to date. 

During 1987 there were two successful target changes. These are discussed 

more fully in a paper by A Carne at this meeting. The failure is believed to 

be caused by swelling of the depleted uranium as a result of repeated thermal 

shock. After the failure of target number 2, the control system which 

protects the accelerator and transfer lines against abnormal lost beam pulses 

was modified and refined. This resulted in the number of temperature shocks 

to the target being reduced by more than a factor of 10 in a given time. 

Target number 3 has taken 129,000 pA-hrs and is still mechanically sound. Of 

the lost time on the facility during 1988, 21% is due to failures in the 

injector system, 2% in the extraction power supply and 1.3% in the synchrotron 

RF system. 
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Experience with running at 100 pA has resulted in a weekly scheduled stop of 

one 8 hour shift to change the H- ion source and to change the filters in the 

methane moderator system. This stop accounts in significant part for the 7 

day periodicity visible in Figure 2. This arrangement will be reviewed as 

more experience is gained. The available resources above those required for 

operation are being used to improve the reliability of operation at 100 pA 

rather than to increase the operating current. 

At 100 pA (1.25 x 1013 protons per pulse), typical beam transfer efficiencies 

1 8 15 22 29 

DAYS 

Fig. 2 Integrated beam current in pA hrs delivered to the target during cycle 4, 
1988. 

during routine running are : 

efficiency 

Trapping efficiency in synchrotron 

Acceleration efficiency 

Extraction and transfer to target 

98-99% 

86% 

99% 

99% 

The lost beam collector system continues to work well. The system 

concentrates beam lost at injection at trapping into collectors with suitable 

materials and which are removable. 

Induced activity on synchrotron components leads to radiation levels on 

contact of 100,000 pSv/hr at the collectors but of only 250 pSv/hr in most of 

the rest of the synchrotron. 
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It is noticeable that 

shutdown in May. 

3. BEZ'MTIWEDBMABDAWD 

During 1987 and 1988, a 

experiments on between 

the machine vacuum has not been let up since the 

SCBEDULIWG 

total of 1940 days of beam time was allocated for user 

5 (early 1987) and 10 (current) instruments; with 4310 

days requested, this represents an average oversubscription factor (days 

requested/days available) of 2.2. The distribution between the three 

allocation rounds is shown in Table 1. Table 2 gives the allocation data by 

instrument for round l/88. On the fully scheduled instruments, 

oversubscription factors range between 1.1 and 3.2. 

4. IHTERNBTIoWaL PARTICIPATIGW 

In round l/80, UK users accounted 

3 shows how the non-UK component 

for 64% of the scheduled beam time. Figure 

was distributed by country. Italy, France, 

West Germany and Sweden together accounted for 13% of the non-UK time, the 

remainder being largely taken up by users from the Netherlands, USA, India, 

Japan and Spain. 

Bilateral use agreements are at an advanced stage of negotiation with Italy, 

France and Sweden. A four-year agreement with the Netherlands has been 

signed. Four countries have been or are involved in the construction of 

neutron instruments, including India (Be filter on the early IRIS 

spectrometer), Italy (the PRISMA spectrometer), Japan (the multi-angle rotor 

inelastic instrument MARI). A rotating analyser instrument (ROTAX) will be 

developed by the University of Wiirzburg, and a draft agreement relating to 

this is at the advanced negotiation stage. 

Round 

l/87 

2187 

l/88 

TOTALS 1987 

t 1988 

TABLE 1 

w 
Instrument Instrument 

Available w w 
Requested Allocated 

143 965 591 

71 1439 392 

120 1906 957 

334 4310 1940 
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TABLE 2 

ROUND l/88 

m x 

Elastic Spectrometers Requested Allocated 

HRPD 241 102 

LAD 210 103 

CRISP 220 100 

LOQ 159 100 

(POLARIS 91 67) 

Inelastic Spectrometers 

HET 

TFXA 

IRIS 

(eVS 

Muons 

vSR 

249 95 

103 92 

325 100 

76 104) 

1674 

232 

1906 

- 

863 

94 

- 

957 

OTHERS 1.9 
SPAIN 2 

JAPAN 4.5 

15 

FOREIGN USE 
Fig. 3 Distribution of non-UK use of ISIS beam time by country for round l/88. 
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5. SCBEDULED INSTROHENTS 

As indicated in Table 2, nine neutron instruments are now being scheduled, 

together with the pSR line. Two further instruments are in the commissioning 

phase (SXD and PRISMA), and three under construction (SANDALS, MAR1 and 

ROTAX) . KkRM!lN - the Rarlsruhe-Rutherford medium-energy neutrino experiment - 

has had l/9 of its detector installed, and is undergoing test. Of the 18 

available beam holes around the target station, 13 have been taken up. In 

addition, a test beam facility has been installed on the methane moderator; 

its initial use will be for resonance radiography development and detector 

tests. 

Table 3 lists the characteristics of both currently-scheduled and development 

instruments. The major changes to the various instruments since 1986 are as 

follows. 

(a) Elastic Instruments 

HRPD In 1986 at the time of ICANS-IX, only two of the eight octants of the 

backscattering bank had been installed. Currently, six are in place, 

resulting in significant increase in throughput and expansion of the 

scientific programme. A low angle bank gives access to d-spacings up to about 

50A, and construction of a 90° detector bank for restricted sample environment 

work (especially pressure) is in hand; a temporary detector module is being 

used in initial 90’ tests. 

Although HRPD is classed as a powder diffractometer (which has been used 

extensively in key high Tc superconductor experiments), its uniquely high 

resolution has opened up other exciting areas, through its ability to see fine 

details in line profiles. Examples include residual stress analysis in 

engineering components, observing variable oxygen stoichiometry in the warm 

superconductor YBa2Cu306+x, domain structure changes close to phase 

transitions (e.g. the ferroelastic transition in LaNbO4 - see Figure 4), and 

periodicities in cycloidal magnetic structures (the 760A repeat in BiFeO3 

could be seen after only a few seconds exposure time (Figure 5)). Ab initio 

structure determinations from powders are becoming semi-routine; recent 

examples include the high temperature a-phase of malonic acid, and methylamine 

deuteroiodide CD3ND31. Unit cell parameters can be refined to 5 parts in 106, 

and the instrument is capable of obserying inhomogeneties in well-recognised 

“standards”! 
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Fig. 4 Scans through the ferroelastic transition of lanthanum niobate at 
temperature intervals of 10. Not only is the transition well-defined, but detailed peak- 
shape analysis shows the formation of needle-shaped domains. 
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TABLE 3 

INSTRQMEXTS XI! ISIS 

ELASTIC 

HRPD High-resolution 
powder diffractometer 

POLARIS High intensity 
powder diffractometer 

LAD Liquids and amorphous 
diffractometer 

SANDALS Small angle 
diffractometer for 
amorphous and liquid 
samples 

SXD Single-crystal 
diffractometer 

CRISP Pulsed source 
neutron reflectometer 
for surface studies 

LOQ Low-Q diffractometer 

Ab-initio structure 
determination, large 
unit cell structure 
refinement , phase 
transitions, mixed 
phases, line 
broadening, high- 
pressure studies 

Magnetic structures, 
phase transitions, 
kinetic studies, 
small samples, high 
pressure work 

Structures of liquids 
and amorphous solids, 
medium resolution 
powder diffraction 

Static structure 
factors of fluids, 
amorphous materials 
and biological 
systems 

Single crystal 
structure determination 
study of structural 
phase changes and 
magnetic order, 
reciprocal space 
surveying 

Surface structure, 
interfaces and surface 
magnetism 

Ad/d - 5 x 1o-4 
(backscattering) 
Ad/d - 0.1 
(low angle bank) 
guide: b* = 0.98A 
minimum wavelength 
= 0.5A. 

Ad/d - 5 x 1o-3 
(backscatterigg) 
Ad/d -8 x 10 
Ad/d - 2.5 x l+qoe’ 
(forward scattering) 

0.5 < Q < 100 (A-l) 
AQ/Q = 0.004 
(backscattering) 

Minimises inelastic 
corrections : 2emax = 

~;~;‘-~~%~ofj~4, 

0.2 < Q < 30 (A-l) 
1.2-300K accessible, 
position sensitive 
detector. 

Resolution (in A8 ) 
2-10%; Q rafge , 
0.01-1.3 A 
0.5-6.5A waveyzzh 
neutrons; inclined 
beam for liquid 
surfaces. 

Macromolecular, 
biological and other 

0095 < Q < 0.2 
(A 1, AQ/Q - 0.05 

large scale structures 



ISIS status report 19 

INELASTIC 

HET 

MAR1 

TFXA 

IRIS 

evs 

PRISMA 

ROTAX 

High-energy 
transfer spectrometer 

Multi-angle rotor 
instrument 

Time-focused 
crystal analyser 

High-resolution 
quasielastic and 
inelastic 
spectrometer 

Electron-volt 
spectrometer 

High-synnnetry 
coherent inelastic 
spectrometer 

Rotating analyser 
crystal spectrometer 

Magnetic and Chopper: incident 
vibrational excitations energy SO-2000 meV 
single particle motion e range 20-1000 meV 
in quantum systems 1% energy transfer 

resolution. 

Dynamic structure Chopper; incident 
factors of liquids and energy 20-1000 meV 
magnetic systems, e range lo-500 meV 
inelastic excitations 1% energy transfer 
in crystalline resolution 
amorphous and disordered 4 = 3-135’. 
systems, molecular 
spectroscopy, 
momentum density 

Inelastic scattering 
from magnetic and 
vibrational systems, 
especially molecular 
spectroscopy of 
hydrogenous 8y8t&W 

Rotational and 
translational diffusive 
motion in atomic and 
molecular systems, 
quantum tunnelling, 
crystalline electric 
field transitions and 
low lying inelastic 
modes 

Momentum density 
studies in low mass 
systems 

Phonon and magnon 
collective excitation8 
in single crystals 

Structural and 
magnetic excitations 
in single crystal8 

ho range 2-1500 meV 
- 1.5% energy 
transfer resolution, 
elastic line width 
0.2 meV. 

Graphite analyser 
(002) reflection: 
15 peV resolution at 
E - 1.83 meV 
Qa= 0.25-1.85 A-l 
(004) reflection: 
50 peV resolution at 
E i7.2meV 
Qa= 0.5-3.7 A-l 

Resonance analysers 
being developed in 
the range l-20 eV 

16 independent 
crystal analysers, 
3-axis analogue 

One rotating Ge 
analyser, position 
sensitive detector 
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HRPD is a very powerful instrument for a wide variety of materials science 

work. Apart from powder. samples, it has potential new uses on single 

crystals, and tests on its potential in high-resolution inelastic mode are 

planned. 

LAD - The original gas detectors in this liquids and amorphous materials 

diffractometer have been replaced by Li glass scintillator in the ZOO, 35’, 

58O and 90“ positions. The consequent count rate increase of about five has 

resulted in an expansion of isotope substitution first difference work (e.g. 

aqueous Cu (WC3 1 2 with nitrogen substitution, chromium perchlorate with 

chromium substitution) . Work on the instrument has also expanded to gaseous 

systems, and an experiment on gaseous deuterium near the critical point having 

recently been completed. Tha very high Q capability continues to be 

capitalised on, a recent experiment on vitreous GeO2 showing clear structure 

in S(Q) out to 50 A-l. 

POLARIS The direction of polarised neutron work has recently been reassessed 

at ISIS, with more emphasis being placed on the possible use of polarising 

mirrors. POLARIS is consequently being reequipped as a medium intensity 

powder diffractometer, with three detector banks (low angle Ad/d - 2.5 x 10e2, 

high angle Ad/d - 5 x 10m3 , and a 90” bank for restricted sample environment 

work Ad/d - 8 x 10B3), The initial complement of detectors was installed 

within the last week, and commissioning tests are taking place. To give an 

idea of the kind of data we expect to obtain, Figure 6 shows patterns for an 

%C3 standard at the 150° and 90” detector positions for a single detector 

after 24 minutes running on a 1 cm3 sample. With all detectors in place, data 

of this quality will be obtained in around 2 minutes. This gives the 

potential for up to lo5 simple experiments per year. 

CRISP This is a critical reflection spectrometer that has been constructed 

and conmissioned since the last ICAWS meeting. Using an incident beam 

inclined at 1.5” to the horizontal, it probes the density profile of 

interfaces in the direction normal to the interface. Reflectivities of 10 -6 

are obtained routinely; recently, reflectivities down to 10 
-7 

have been 

achieved, extending CRISP into a region which is crucial for discriminating 

between competing models of particular interface structures. Figure 7 shows 

the kind of data obtained from an 1185A deuterated Langmuir-Blodgett film 

deposited onto a silicon wafer: the continuous line indicates the theoretical 

model. 
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Fig. 6 Test run on POLARIS of a 1 cm3 A1203 standard, showing data obtained at 
the 90° and 150° detector positions. With all detectors in place, such spectra will be 
obtainable in about 2 minutes. 
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Fig. 7 Reflectivity measurements on an 1185 A deuterated Langmuir-Blodgett film 
on silicon; the continuous line indicates the theoretical model (Ft. M. Richardson). 
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The versatility of, and demand on, this instrument is illustrated by the very 

wide ranging nature of its scientific programme in surface chemistry, solid 

films, and surface magnetism. A high proportion of the demand is from 

industrial users tackling problems with complex systems. A recent example 

concerned adsorption at the air solution interface of mixed surfactants, using 

selective deuteration to determine relative composition and structure. 

A resistive wire, one-dimensional multidetector, active area 200 x 40 mm2, 

with a positional resolution of - 0.9 mm in the long dimension, has recently 

been successfully tested. This will allow studies to be extended to the 

diffuse non-specular scattering from interfaces. 

LK? - The low-Q diffractometer, designed for investigating macromolecular, 

biological, and other large scale structures, has been reconfigured. The 

moderator to sample distance has been reduced from 16 to 11.4m, with a 

resultant increase in flux, and allowing 25 Hz operation using one chopper. 

Frame-overlap mirrors remove frame overlap contamination above 12A. A BF3 

multiwire area detector is installed 4.3m from the sample. A Q range of 

0.005-0.25 A-l ’ 1s accessible, allowing size ranges of 20-1000A to be probed in 

a single experiment. 

The user programme on LOQ - as would be expected of such an instrument - is 

wide ranging over macromolecule studies, colloid science and materials. 

Figure 8 show3 data from shear-flow-aligned micelles of 1% C16E8 in O.5M 

Na2S04 at 30°C, parallel and perpendicular to the long axis of the micellar 

rods. An example of material3 science work is the study of precipitate 

formation and growth in aluminium-lithium alloys which offer substantial 

weight savings over existing alloys for engineering structures. These studies 

showed how small amounts of Cu and Mg modify the precipitate, which is thought 

to be a significant cause of embrittlement of these alloys with ageing. 

SXD - Rapid progress has been made on this development instrument over the last 

few months, largely due to the successful initial testing of a new ZnS 

position sensitive detector module with 5 mm resolution. The low 

r-sensitivity of the ZnS scintillator has allowed the detection of very high 

sin B/h reflections; this is illustrated in Figure 9 where the (0024) of SrF2 

(d = 0.24A) is clearly observable with the detector at 90°. The comparison 

with Li glass scintillators is self-explanatory. Other tests have 

demonstrated the ability of this detector to survey reciprocal space with the 

examination of one-phonon thermal diffuse scattering in SrF2: hitherto unseen 

features in the TDS behaviour have been observed. 
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I I I I I 
I.5 2 25 3 35 4 

Wavevector (-1, 0, f ) 

Fig. 8 QI, Cl]1 intensity plots for 1% CtsEs/0.5 M NasS04 at a shear gradient 

of 5000 s-l at a temperature of 30°C (J. Penfold, P. G. Cummins, and E. J. Staples). 

Li-6 glass scintillater 

ZnS plos6c xintillotw 

D-spacing (Angstrom) 

Fig. 9 Test measurements on SXD on a single crystal of SrF2, comparing results 
from the test ZnS detector module with that from Li glass scintillator. The 0024 at ad- 
spacing of 0.24 A is just visible in the low-noise ZnS spectrum. 



24 ISIS status report 

Test work is proceeding 

unit cells, to assess the 

crystals. The relatively 

expected to result in a 

on a variety of crystals, including some with large 

feasibility of high resolution measurements on such 

low cost and ease of manufacture of ZnS modules are 

300 x 300 mm* detector with 3 rmn resolution. Once 

this has been convnissioned, regular scheduling of SXD will follow, hopefully 

in mid 1989, 

(b) Inelastic Instruments 

As these will be dealt with in more detail in the paper by Andrew Taylor, my 

comments will be restricted to brief sununaries of major modifications and 

developments. 

On HEJ the 10-30’ 2.5m intermediate angle range detectors have been upgraded 

with 256 3 He tubes, and a new chopper slit package has extended the incident 

energy available down to 50 meV. Two scientific highlights include 

measurements of the highest-ever observed magnetic excitation (3H4 + 3F4 at 

809 meV in Pr metal) and the first successful single crystal experiment on HET 

of spin waves in cobalt, where measurements were made out to the zone boundary 

(- 300 meV) . On the time focused crystal analyser spectrometer TFXA, the 

analyser efficiency has been doubled by using thicker crystals with a more 

relaxed mosaic spread. The instrument is optimised for the study of 

vibrational dynamics of hydrogenous samples, recent particularly exciting work 

including studies of a hydrodesulphuration catalyst 040s~) . On the high 

resolution quasielastic and inelastic spectrometer IRIS, resolution has been 

enhanced with the installation of a pyrolytic graphite analyser. 

The development programme on the electron volt spectrometer eVS was fully - 
reassessed during 1988. The resonance detector analyser programme was 

suspended, and other options are now under consideration. A momentum density 

user programme has started on eVS, and an intermediate angle bank has been 

installed. 

The study of coherent excitations in single crystals is an area that has been 

very successfully exploited using triple axis spectrometers on reactor 

sources. Dispersion curve measurements on ISIS are made using the new PRISMA 

instrument. This operates in inverted geometry, with the final energy of the 

scattered neutrons analysed by 16 individually-movable analyser-detector arms. 
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Under an agreement between SERC and the CNR Ftascati, PRISMA was provided by 

Italy for installation on ISIS. The components arrived at RAL from Italy in 

mid-1987, and the instrument was installed on ISIS. Within the past few 

weeks, initial data of impressive quality have been obtained, showing clearly 

the power of this instrument to measure dispersion curves. Figure 10 shows 

the sections in (E,Q) space cut by each of the 16 analysers for a single 

crystal of Be, while Figure 11 shows the results for one analyser, underlining 

the excellent signal/background obtained. From such sections, the phonon 

dispersion curve can be constructed, as on Figure 10, where the known 

dispersion curve is plotted as dotted lines. These results were obtained in 

*only 600 pA hours, equivalent to about 6-7 hours at current running. In the 

more complex KTa09, a good quality dispersion relation was obtained in a 

single day. The potential of PRISMA for phonon dispersion curve measurements 

is clear. The instrument will be officially inaugurated at a ceremony on 

4 November 1988, 

Fig. 10 Dispersion relation measurements on a single crystal of beryllium obtained 
during early tests of PRISMA. The solid lines are the cuts in (E, Q) space made by 
each detector, while the dotted lines demote the known dispersion relation. 
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Energy transfer (meV) 

Fig. 11 Measurements taken from one analyser of PRISMA on the same Be crystal 
as Fig. 10. Figure 10 is constructed from several such scans. 

6. SUBWARY 

ISIS is now running regularly at around 100 pA currents at 750 meV. Nine 

neutron instruments and the pSR line are being regularly schedueld, with 

increasing demand for an increasingly sophisticated user community in the UK, 

Europe and elsewhere. With this regular running, the capabilities of such a 

high intensity pulsed source are increasingly resulting in new science in both 

elastic and inelastic scattering studies. Several further instruments are 

under development and construction, with the first scheduled experiments on 

three of these expected during 1989. On the machine 

given to further improving reliability before the next 

current to 120-130 pA. 

Gray, D A, 1987, Proc ICANS-IX, 23-29 

side, priority is being 

stage in increasing the 

Rutherford Appleton Laboratory, 1987, ISIS Annual Report “ISIS 1987” 

(RAL-87-050) 

Rutherford Appleton Laboratory, 1988, ISIS Annual Report “ISIS 1988” 

(RAL-88-050) 
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Status of the Intense Pulsed Neutron Source 

B. S. Brown, J. M. Carpenter, R. K. Crawford, A. V. Rauchas, A. W. Schulke, 
and T. G. Worlton 
Argonne National Laboratory 
Argonne, Illinois 60439 
USA 

Introduction 

In December 1987, the 1000th experiment was performed at IPNS. This is a 
significant milestone and reflects the great deal of work and progress that have taken 
place since the first experiments were performed in 1981. Since that time, the 
average proton current has increased from 4 l..tA to 14-15 l.tA. The reliability has 
averaged 91% since 1981, by far the world’s record for pulsed neutron sources. We 
have gone from room temperature polyethylene to cryogenic methane moderators, 
from a depleted uranium to a 77% enriched uranium (Booster) target, and from 4 to 
11 neutron scattering instruments. Unfortunately, funding has not kept pace in the 
same ratio, and staff and operating time have been essentially constant over this same 
time period. For the past 3 years, most of the budget shortfall was covered by a 
project for the Strategic Defense Initiative (SDI) involving the study of neutral 
particle beams using our linac with the help of members of our accelerator staff. In 
addition to SD1 funds, we are in the process of pursuing other funding sources such 
as industry and the National Science Foundation. 

IPNS is not unique in having concerns about the level of funding, and the future 
looks good despite these concerns. This report details the progress made at IPNS 
during the last two years. Other papers in these proceedings discuss in detail the 
status of the enriched uranium Booster target, the two instruments that are under 
construction, GLAD and POSY II, and a proposal for research on an Advanced Pulsed 
Neutron Source (ASPUN) that has been submitted to the Department of Energy 
(DOE). Further details on IPNS are available in the IPNS Progress Report 1987- 
1988, available by writing the IPNS Division Office. 

Operating status of the accelerator system 

On September 19, 1987, the accelerator system delivered the two billionth proton 
pulse to the IPNS neutron target. The total, as of October 1, 1988, has risen to 
2,341,622,103 pulses. 

The average beam current showed another gratifying increase of 5% since the 1986 
ICANS report. A few new techniques were uncovered to help increase the beam 
current, but most of the gain came from effective utilization of the new equipment 
installed in 1985 and 1986. Figure 1 is a plot of weekly average proton current on 
the neutron target since turn-on in 1981; each point represents on average about 148 
hours of operation. Although the average beam cnrrent has increased since late 1985, 
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the rate of increase has diminished. Concurrently, the IPNS accelerator group has 
been involved very heavily with activities outside of IPNS since that time so effort 
devoted to beam current increase has been minimal. 

Two factors should be mentioned in connection with the 5% current increase. The 
first of these is the use of 80 @cm2 carbon H- stripping foils. These foils last a 
long time (about 40-50 million beam pulses), and eight hours with the old 
polyparaxylene foils. This feature allows an increase in the long-term, not peak, 
average current. The second item is substantial improvement in the stability of our 
extracted beam current sensing toroids. By providing better low inductance image 
current return paths, we have decreased the dependence of these devices on the spatial 
properties of the extracted beam pulse. The synchrotron is operated “beam loss 
limited”, and the toroid signals are input data to the “beam loss” computation. 
Stable, repeatable toroid data allow the synchrotron to be operated very close to the 
empirically determined “acceptable loss” which, in turn, increases long-term average 
current on target. 

The brightest spot of the PNS accelerator operation continues to be the operating 
reliability, that is, the availability to deliver protons as scheduled. Reliability over 
more than 6200 scheduled hours during the last two years continued to be excellent at 
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91.9% despite a spate of serious breakdowns during the first two months after tum- 
on in August 1986. During the remaining 19 months to June 1988, as-scheduled 
availability equaled our goal of 94%. Figure 2 is a plot of this availability, averaged 
weekly. Note the density of points near 100% since late 1987. In fact, during 8 of 
the last 9 months of operation, availability has exceeded 95%. Even in months when 
availability is less than is desired, the experiment time is seldom lost, since the 
IPNS does not run parasitic on another program, but rather is dedicated solely to 
neutron science and experiments can be rescheduled without the complication of other 
pograms competing for accelerator time. 

11986t- 1987 I 1988 -1 

Fig. 2 Reliability of IPNS. 

Of very great significance is the success of our beam loss limited operation. 
Automatic devices as well as operator attitudes help keep proton losses in the 
accelerator limited to about 1.5 pA. As a result, the residual radiation levels around 
the synchrotron are no higher, on average, than they were two years ago, and in 
several of the very high loss regions, residual radiation has actually decreased. Thus, 
the repairability of the RCS continues to be good! No internal damage to the 
synchrotron aperture has occurred since the loss limits and protective collimators 
have been in use. 

The most significant equipment upgrade now underway is the installation of 3 new 
power supplies which drive 7 of the horizontal steering dipole magnets in the 50 
MeV H- transport line from the linac to the RCS. These magnets provide a 180” 
bend to the beam, so their field stability is very critical. The old power supplies, 
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while not particularly prone to breakdown, would often develop periods when their 
output currents were extremely unstable, making precise injection tuning difficult. 
The new power supplies will allow more stable injection position control, which 
should provide the operators with a better opportunity to adjust the injection focusing 
precisely. Thus, a better match of the linac beam emittance to the synchrotron 
acceptance can be achieved. 

Over the last 4 years, it became increasingly apparent that the beam was clipping the 
upper portion of the magnet aperture and was causing a good deal of the low energy 
beam loss in the synchrotron. Our limited diagnostics indicate that, in at least two 
places, the center of the beam is about 3 mm above the geometric center of the main 
magnet aperture. This translates into an effective loss of about 5% of the vertical 
aperture. Computer studies are underway to analyze whether sufficient and 
appropriately located space is available in the synchrotron lattice to add vertical 
steering dipole magnets. The hope would be to lower, in as many locations as 
possible, the vertical orbits. 

Halo collimators and added vertical steering in the 50 MeV transport line are also 
being discussed as possible ways to minimize vertical beam losses. In beam loss 
limited operation, the prevention of a single proton lost should result in nine 
additional protons on the neutron target. 

Average beam current @A) 
Operating efficiency (%) 
Scheduled operating time (h) 
Available operating time (h) 
Total pulses on target (x lo*) 
Total pA hours 
Total protons on target (x 1021) 
SD1 linac operation (h) 

Table I Accelerator operating summary. 

11/81- 
7183 
8.65 
89.6 
7191 
6443 
6.27 
55,732 
1.08 
0 

10/83- 3/85- 8/86- 
2185 7186 6188 
11.90 12.89 13.47 
89.3 93.9 91.9 
5567 5263 6237 
4973 4942 5732 
4.91 6.02 6.21 
59,179 63,702 77,210 
1.22 1.54 1.73 
0 1000 3125 

Other accelerator activities 

The IPNS participation in the Strategic Defense Initiative (SDI) was presented in the 
previous ICANS report. The participation has continued in the operation of the linac 
and the first Neutral Particle Beam (NPB) test beam line A. Design and construction 
of a larger ANL-SD1 beam line (B) started in late 1986, and the first test beam was 
sent down this new line on April 22,1987. Figure 3 shows the layout of the IPNS 
accelerator system and the NPB beam lines. The beam optics design was supplied by 
members of the ANL Engineering Division (ENG); while IPNS personnel supplied 
much of the hardware design, installation planning and about 90% of the installation 
labor and initial testing effort. During the past two years, over 35,000 manhours of 
IPNS accelerator personnel effort was assigned to SD1 beam line construction and 
experiment support. 
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Fig. 3 IPNS accelerator system and NPB beam lines. 

In contrast to the SD1 line A where almost all of the hardware was surplus, most of 
the line B apparatus was new. The overall beam line is 70 m long and consists of 7 
horizontal steering dipole magnets, 4 vertical steering dipole magnets, 16 quadrupole 
magnets, power supplies, 4 sets of four-motion collimators, 12 sets of two 
dimensional segmented Faraday cup diagnostic devices, 5 beam toroids, several 
vacuum pumps and isolation valves, and a debuncher to reduce beam energy spread. 
IPNS worked closely with the ANL Engineering and Electronics Divisions to provide 
computer control and status readout of all these devices. 

After a brief shakedown and characterization period on line B, a large team from Los 
Alamos joined us to install a permanent magnet beam expansion telescope and a 
considerable amount of sophiticated diagnostic equipment to help judge the 
performance of the telescope. Its purpose was to achieve a very low divergence 
beam; the divergence goals were met for the most part. The most active program 
now underway is the test operation of a new type of beam expansion telescope that 
was recently installed in SD1 line B. It includes trim multipole magnets, which 
should reduce higher order magnetic aberrations and thus further decrease divergence. 

Operation and experiments on SD1 line A were interspersed with line B construction 
and operation. A total of more than 3100 hours of beam time was used on both 



32 IPNS status 

beams. Experimental topics included beam neutralization techniques and materials, 
radiation damage, target composition, and the sensing of neutral beam properties. 
The non ANL experimenters were assisted by ENG and IPNS personnel. 

Future expansion, and even future operation, of the SD1 facilities beyond Fall 1988 
is, at the present, quite uncertain. A considerable reduction from the past 2 years in 
our SD1 participation is certain. Proposals to utilize the IPNS RCS to accelerate 
deuterium ions have been made by the ANL-SD1 office to military sponsors. A 
100 m expansion of line B has also been proposed to obtain a more precise 
measurement of beam quality. While the military sponsors show some interest in 
these new activities, there has not yet been a firm financial commitment. 

Instruments 

Figure 4 shows the instruments now operating at IPNS, the specifications of which 
are given in Table 2. Improvements on existing IPNS instruments and ancillary 
equipment are occurring constantly. Most notable since the last ICANS report is the 
commissioning of the Low Temperature Chopper Spectrometer (PHOENIX). 
PHOENIX, in addition to the Polarized Neutron Reflectometer (POSY) and the 
Quasielastic Neutron Spectrometer (QENS), was built by a Participating Research 
Team (PRT). In this mode, a significant fraction of the financial and manpower 
burden is borne by a group of scientists with considerable help from IPNS. These 
three PRT instruments were added to the user program in 1987 at which time non- 
PRT members could apply for 25% of the instrument time. The remaining 75% is 
allocated by the PRT to its members, and manpower is provided by the PRT in a 
collaborative mode for non-PRT users of the instrument. Neutrons are supplied free 
of charge to the PRT instruments, and this method of instrument construction and 
operation (modeled after the synchrotron sources) is an extremely effective way of 
getting extra instruments and dedicated scientists at the facility. 

The instruments for elastic or total scattering consist of two powder diffractometers 
(SEPD Special Environment Powder Diffractometer, GPPD General Purpose Powder 
Diffractometer), which have excelled at high resolution and special environment 
work, coupled with the on-line capability of the Rietveld method and also have 
proved useful for amorphous systems. As one might expect, these instruments are 
now used increasingly with furnaces, cryostats, and pressure cells. Over the past 2 
years, there has been considerable work on the powder diffractometers on structural 
and defect studies of the high-TT, superconductors and the determination of residual 
strains in composite materials. The Single Crystal Diffractometer (SCD) is based on 
the Laue technique with a two-dimensional (30 x 30 cm) position-sensitive 
scintillation detector based on the Anger method, designed and built at Argonne, and 
has investigated crystal structures and a variety of problems involving 
superstructures, diffuse scattering, and recently, texture determination. The Small 
Angle Diffractometer (SAD) also includes a two-dimensional position-sensitive 
detector and is used to investigate metallurgical, polymer, and biological systems. A 
new detector for the SAD was purchased, which will allow a factor of four increase in 
total data rate. The broad scientific interest in the SAD and large oversubscription 
have resulted in the decision to build a second small angle diffractometer, SAD II, 
dedicated for polymer research. 
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Fig. 4 IPNS neutron scattering instrument layout. 

The two chopper spectrometers (LRMECS-Low Resolution Medium Energy 
Chopper Spectrometer, HRMECS-High Resolution Medium Energy Chopper 
Spectrometer) have proved exceptionally versatile in a variety of problems involving 
measurements of S(Q,E). Experiments on amorphous materials, electronic 
transitions, and momentum distributions have all made use of the abundant 
epithermal spectrum. Based on the very heavy demand for beam time by the groups 
involved in momentum density-n(p)-measurements in quantum liquids and solids, 
a new instrument, PHOENIX, was built as a joint construction effort by scientists 
from Argonne, Harvard University, Penn State University, and University of Illinois 
Urbana. 

The Quasielastic Neutron Scattering Spectrometer performs studies on molecular 
spectroscopy and diffusion. It takes advantage of good energy resolution (70 PeV), 
coupled with the ability to measure energy changes as a function of momentum 
transfer. 

- 
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Table 2 

IPNS NEUTRON SCATTERING INSTRUW.NTS 

Range Resolution 

Instrument Beam Wave Vector* Energy wave vector Energy 

(Instrument Scientist(s)) Line (A-1) (eV) (A-') (eV) 

Special Environment Povder 
Diffractometer 
(J. Jorgensen/K. Volin) 

General Purpose Powder 
Diffractometer 
(J. Faber/R. Hitterman) 

Single Crystal Diffractometer 
(A. Schultz) 

Small Angle Diffractometer 
(J. Epperson/P. Thiyagarajan) 

Quasielastic Neutron Spectrometer 
(F. Trouw) 

Low Resolution Hedium Energy 
Chopper Spectrometer 
(C. Loong) 

Lligh Resolution fiedium Energy 
Chopper Spectrometer 
(D. Price) 

PEIORNIX 
(P. Sokol/K. Hervig) 

Polarized Neutron Reflectometer 
(G. Felcher) 

* Wave Vector, k = 4nsinWX. 
** No energy analysis. 

F5 

F2 0.5-100 ** 0.25% ** 

F6 

Cl 

H2 

F4 

H3 0.3-9 o-o.4 0.01 k. 0.02 E. 

Fl 

c2 

0.5-50 

2-20 

0.006-0.35 

0.42-2.59 

0.1-30 

0.3-30 

0.0-0.07 

** 0.35% ** 

** 2% ** 

** 0.004 ** 

o-o.1 -0.2 0.02 E 0 

O-O.6 0.02 k. 0.05 E 0 

0.1-0.8 0.01 k. 0.02 Eo 

** 0.0003 ** 

INSTRUMRNTS NOT YET IN TRR USER PROGRAM 

Beam Line Instrument Flight Path Length (m) 

Hl Glass, Liquid and Amorphous Haterial 10.5 
Diffractometer (under construction) 

c3 Small Angle Diffractometer II (under development) 8.0 
c2 Neutron Reflectometer II 
F3 eV Spectrometer 

The Polarized Neutron Reflectometer has become a state-of-art instrument for 
obtaining magnetic information in thin films or near the surface of bulk materials. 
The very interesting basic information is coupled with some very promising applied 
interest, for example magnetic hysteresis in materials for recording heads. A second 
reflectometer (POSY II) has been recently constructed. Funded in part ($150,000) by 
IBM, this unpolarized version of POSY will be used primarily for studies of 
interfaces and interdiffusion in polymers, taking advantage of the large scattering 
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contrast of H and D. The eV Spectrometer (eVS), designed to measure energy 
transfer to many eV, is temporarily dormant due to difficult background problems. 

The Glass, Liquid and Amorphous Material Diffractometer (GLAD) is under 
construction as a PRT instrument and will be a world class instrument when 
completed. This new instrument, which will feature high intensity with low-to- 
moderate resolution and emphasis on low-angle detector banks to simplify 
inelasticity corrections, is discussed in detail in another paper in these proceedings. 

Chopper development at IPNS 

A number of chopper-related development projects have been and are underway at 
IPNS. These include choppers for the reduction of backgrounds due to delayed 
neutrons, choppers to remove the prompt pulse of high energy neutrons from the 
beam, a chopper for lower energies, and improved chopper control systems for all of 
these. 

The “delayed-neutron choppers” are lightweight drum choppers that “open” twice per 
revolution, i.e., they run at 15 Hz rather than the 270 Hz typically used for our other 
choppers. Two such choppers have been fabricated and installed, one in the GPPD 
incident beam line at the point where the line exits the biological shield, and a second 
in a similar position in the SEPD incident beam line. The basic design consists of a 
40-cm-diameter, 11.5~cm-high, and l-cm-thick cylindrical shell of B& powder held in 
place by epoxy and supported by a thin aluminum shell and aluminum top and 
bottom plates. The chopper is rotated about the cylindrical axis which is vertical, 
normal to the incident beam. Each of the chopper shells has a pair of diametrically 
opposed openings which are designed to allow unimpeded transmission of the entire 
width of the beam over the time frame of interest to the instruments (nominally the 
time-of-flight range of 3-30 ms, measured at the detectors). The present design 
parameters lead to an “open” fraction of the chopper circumference of -l/3 for the 
GPPD and -l/2 for the SEPD. Consequently, these choppers should remove from 
the beam roughly 2/3 and l/2, respectively, of the total number of delayed neutrons 
having energies low enough to permit detection in the 3He detectors used on the 
instruments. However, Monte Carlo simulations have shown that the delayed- 
neutron contribution to the background should be reduced by factors of lo-100 in the ’ 
long-wavelength part of the spectrum where the delayed-neutron background would 
otherwise be most serious. These choppers were installed in Summer 1988, so 
experience with them is currently insufficient to provide quantitative details of their 
pelfOllX3l-l~. 

A prompt-pulse-removal chopper (“t, chopper”) has been designed and fabricated, and 
was installed in the PHOENIX incident beam line in Fall 1988. This chopper design 
is similar to that used in our standard Fermi choppers, except that it contains no slit 
package, and the opening through the beryllium pieces, which form the body of the 
chopper, has been widened somewhat to allow transmission of the desired bandwidth 
at the various different incident energies used on the instrument. The chopper will be 
phased to be closed totally at the time of the prompt burst of fast neutrons, and so it 
should remove most of these from the beam. Since these fast neutrons, which can 
thermalize in the Fermi chopper or in the collimators or shielding, form a major 
component of the background in chopper instruments, this additional chopper should 
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lead to significant background reduction in PHOENIX. If this in fact proves to be 
so, additional to choppers will be provided for use on LRMECS and HRMECS as 
well. 

Since a number of users have requested that LRMECS and HRMECS be able to 
provide lower incident energies, an additional Fermi chopper, optimized for 
transmission of 10 meV neutrons, has been fabricated and tested. Unfortunately, this 
chopper also allows significant transmission of higher energy neutrons, and for some 
experiments, these can produce background in the time frame of interest on the 
chopper spectrometers. If necessary, these higher energy neutrons can be removed 
with a filter or by a t, chopper, so the 10 meV chopper can be regarded as 
satisfactory, and it is available now for configuration in those experiments which 
desire it. 

A new chopper control system is being designed to operate the Fermi choppers and 
the t,, choppers. This system will implement the same algorithms used in our 
present chopper controllers, but will be based on readily available PC components to 
make it more easily programmable and significantly less expensive to reproduce. 
The lower expense is particularly important since a number of additional controllers 
will be required to handle the anticipated to choppers (at least three expected in the 
next l-2 years) and choppers for GLAD (one or two expected) in addition to the three 
Fermi choppers that are controlled currently-for LRMECS, HRMECS, and 
PHOENIX. Development of this new control system is expected to be completed by 
mid 1989, and additional controllers will be built as needed. A different chopper 
controller has been developed to drive and control the delayed-neutron choppers, 
which have much less stringent control requirements. Two of these controllers were 
placed in operation in Summer 1988, controlling the GPPD and SEPD delayed- 
neutron choppers. 

The floor space devoted to chopper control has been expanded to handle all the new 
chopper control systems, which are anticipated to be running simultaneously at 
IPNS. As part of this expansion, considerable care has been devoted to the redesign 
of the mounting and interconnection of the control systems and monitoring 
equipment, so chopper control is being turned into a “chopper system command 
center”, optimized for the operation, monitoring, and maintenance of this equipment. 

Data acquisition 

Introduction 

Since the 1986 ICANS-IX Meeting, we have continued to refine and improve the data 
acquisition system (DAS). Refinements to the existing system include replacement 
of the encoding electronics for some of the area detectors, development of high-level 
graphics routines for the GKS graphics system, and installation of cluster software to 
link our computers. A digital Private Branch Exchange (PBX) telephone system was 
installed at Argonne last year, permitting us to make significant improvements in 
access to the IPNS computer systems. 

Major changes that have taken place include the conversion of the PDP instrument 
computer software to run on VAXstations, and the installation of VAXstations as 
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instrument computers on the Glass, Liquid, and Amorphous Material Diffractometer 
(GLAD) and the Neutron Reflectometer (POSY II) instruments and as replacements 
for the PDP computers on two instruments. Replacement of the remaining PDP 
computers with VAXstations is expected to be done over the next several years. 
VAXstations are also being used to increase the data analysis capacity at IPNS. An 
optical disk storage system for virtual on-line storage of large amounts of data is 
under consideration. Finally, new linear position-sensitive detector (PSD) encoding 
modules and a new hardware-based FASTDAS histogramming system have been 
developed for GLAD. (Details of the GLAD PSD encoding and the FASTDAS 
system are presented elsewhere in these Proceedings). 

Data encoding modules 

The area PSD, which has been in use on the Small Angle Diffractometer (SAD), 
uses the rise-time method of position encoding. During the past year, we have 
purchased two additional detectors which use this same encoding method for SAD II 
and for POSY II. The two new detectors have come with their own sets of signal- 
processing electronics, and we have developed a new digitizer module to interface 
with these electronics to provide digitized position and time of flight information. A 
similar set of signal-processing electronics and a digitizer module have also been 
provided to replace the old units in use on SAD, which were becoming unreliable. 
This compatibility among these three detectors should simplify maintenance of the 
units. 

Use of VAXstations 

All of the initial eight IPNS instrument computer systems were based on DEC PDP- 
11 computers. Several new IPNS instruments need greater on-line computing 
capabilities and disk storage capacity than is available on the current PDP systems. 
Furthermore, with the increased data rates expected with the new Booster target, 
several existing instruments can benefit from the increased computing and storage 
capacity available on the VAXstations. Finally, the PDP-11 systems are starting to 
show their age (the oldest have been in continuous operation for more than 8 years) 
and their failure rate is increasing. For these reasons, we have purchased four DEC 
VAXstation-II GPX workstations, each with at least 300 Mbytes of disk storage. 
Our instrument operating software has been converted for use on VAX computers 
(with some enhancements to take advantage of the VAX capabilities), and we will 
start using all four of these as instrument computers in Fall 1988. Two of the new 
systems will be on GLAD and POSY II, and the other two will replace the PDP 
computers on SAD and the Single Crystal Diffractometer @CD). The remaining 
instruments will be converted from PDP-11 to VAXstation-based systems at a rate 
governed by need and budget. 

The four V&M&ions procured as instrument computers initially were used very 
successfully for data analysis. Now that these four are going to be used as 
instrument computers, a VAXstation 3200 system has been bought for data analysis. 
The addition of the VAXstations has not only improved the instrument computer 
situation, but also increased the total computing capacity available for data analysis 
since the VAXstation instrument computers place significant computing capacity at 
each instrument. It is expected that in the future more dam analysis will be done 
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directly at the instrument as the data are being collected, rather than on one of the 
central computers in the system. Our central VAX systems will continue to be used 
by the VAXstations for data storage and archiving as well as program development 
and network services. 

Graphics improvements 

Until recently, IPNS has used the DISSPLA graphics package from Computer 
Associates (CA) for most of the graphics programs developed for data analysis. 
Since DISSPLA is an expensive commercial package, we could only use it on our 
VAX-11/780, thus preventing us from using all of our computers efficiently. Most 
of our graphics routines have now been converted to utilize GKS graphics, which is 
available on all of our computers. This was accomplished by writing a set of high- 
level graphics tools, called GPLOT, based on the GKS standard. VAX-GKS was the 
first graphics software package to support the VAXstation, and the use of GKS 
allowed us to develop device-independent graphics software that could be run on the 
VAXstation as well as our other graphics devices. The VAXstations produce high 
resolution color graphics very quickly, which will allow users to interact effectively 
with data collection and data analysis. This should also pave the way for more 
interactive modes of data analysis, although in many cases a considerable amount of 
software modification will be required. 

Among other graphics enhancements, we have added a PostScript-compatible laser 
printer, which provides more flexibility and higher resolution than our other graphics 
devices. 

Networking and clustering 

For several years, all of our computers have been linked together by a 
DECNET/ETHERNET network served by terminal servers, so access to any of these 
systems and transfer of information among them has become quite straightforward. 
Two recent developments have expanded these networking capabilities. 

During 1987, Argonne installed a digital PBX telephone system which allowed a 
number of improvements in our computer network. The PBX provides lab-wide 
network support through the use of bridges to connect divisional ETHERNET 
segments into one large network. This allows us to access printers and computers in 
other buildings. The new PBX also allows users in other buildings to have high 
speed terminal access to our computer facilities. 

To simplify access and connection speed among our computer systems, we are 
joining some of them together in a cluster. This will make it more efficient to store 
files centrally and still use the VAXstations for data analysis without the necessity of 
keeping multiple copies of files. Some of the new instruments which have come on- 
line have strained our computing and data storage capacity severely, and this demand 
is expected to increase even more with the Booster target; therefore, the cluster is 
expected to continue expanding. 
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Data archiving/retrieval 

As the amount of on-line disk space increased, it became increasingly difficult to 
provide file backup. It took typically four high-density tapes to store the data from 
one disk,and an operator was required to change tapes. We have solved this problem 
recently by purchasing a helical-scan tape unit which permits us to store the contents 
of several disks on a single tape cartridge. This has eliminated the need for an 
operator to change tapes during the backup operation. Because of the cheaper and 
more compact storage, we will now be able to keep monthly full backup tapes 
permanently, instead of reusing the tapes after one year. 

The installation of the Booster target is expected to result in a large increase in the 
rate of data collection and the need for data storage facilities. Fortunately, disk 
technolcgy has kept pace with our need for online storage, and we were able to make 
a significant increase in our disk storage capacity this past summer. Careful 
management of data storage will continue to be necessary, however. Some 
instruments already require frequent archiving of data to tape. The optical disk 
system under consideration would provide the ability to stokk this data where it could 
be accessed quickly with no operator intervention. 

Booster target 

Since the last Progress Report 1985-1986, in which the design of the Booster target 
was described in detail, numerous difficulties have had to be overcome in the process 
of fabricating the Booster target. In the end, we have succeeded-all the required 
disks and spares have been completed, and insertion and testing are underway. 
Throughout, we enjoyed the helpful cooperation of our colleagues at the Oak Ridge 
Y-12 facility where the disk processing was carried out as well as many groups at 
Argonne. Details of Booster target fabrication and performance are given in another 
paper in these proceedings. 

Moderators 

Moderators are also covered in a subsequent paper. Based on operating difficulties 
with solid methane and the lack of experience with booster operation, startup in the 
fall of 1988 will include liquid hydrogen (T > 14 K) in the C moderator, that which 
is viewed by SAD, POSY and POSY II. This will result in a loss of long 
wavelength neutrons, which should be more than offset in most wavelength regimes 
by the enhanced flux from the Booster target. The moderator design will permit a 
return to solid methane in C after we have gained sufficient operating experience on 
the Booster target. 

Examples of some recent scientific results 

To illustrate i the, performance of some of the IPNS scattering instruments, some 
recent experimental results are discussed. A study was undertaken to investigate the 
motion of molecules in the pores of molecular sieve zeolites which are used as 
catalysts in s ape-selection hydrocarbon transformation reactions. Figure 5 shows 
the pore or 2 annel structure in ZSM-5 through which molecules can diffuse. A 
molecular dynamics calculation followed the rate of diffusion in the various 
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directions, b clearly being the easiest direction. Figure 6 shows the near-elastic 
energy region measured for the catalytic material with (symbols connected by a line) 
and without (solid line) methane. The additional broad component when the methane 
is present is the quasielastic scattering due to translational and rotational diffusion. 
The widths of the data yield a translational diffusion constant of 2.4 x 10s cm2-set-l 
at a momentum transfer of 1 A-l, which is in very good agreement with the 
simulations and previous NMR results. 

The large difference in scattering by hydrogen and deuterium was used to study the 
interface separating two different molecular weight polymers. Figure 7 shows results 
from POSY which was used to study the reflectivity of a bilayer of deuterated and 
normal polystyrene (PS) on silica glass. The oscillations (dots) are due to 
interference of the reflections from the front and back face of the upper deutemted PS 
layer. After a short anneal (140°C for 5 minutes) the much lighter, deuterated PS has 
diffused and the change of the period of the oscillations (squares) was used to generate 
the change in profile shown in Figure 8. These results were our first measurements 
showing the power of neutron reflectivity for studying polymer diffusion and resulted 
in the decision to build POSY II. 

These are only two examples of recent results and many more examples are detailed 
in the IPNS Progress Report 1987-1988, published in October, 1988. 
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Fig. 5 Diagram of the channel structure of ZSM5 zeolite. 
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Fig. 6 Quasi8lastic scattering from silicate (solid line) and silicate plus methane 
(sgbols connected by line) m8aSUr8d on (a) QENS at 300 K and (b) IN6 (ILL) at 
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Fig. 7 The reflectivity of a bilayer of d-PS/PS on 
and after a short anneal (squares). 
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Fig. 8 The concentration profile obtained from the data of Fig. 7. 
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User program 

The operating statistics shown in Table 3 clearly indicate an increase in the number 
of experiments and scientists at IPNS despite a small decrease in operating time, The 
increase is due to the proton current increase and the increase in neutron scattering 
instruments (4 in 1982 vs 11 in 1988). 

Table 3 IPNS user program. 

FY83+ FY84 FY85 FY86 FY87 FY88 
Weeks of operation 26 29 21 22 21 18* 
No. of experiments performed 110 210 180 212 223 226 
Visitors to IPNS for at 
least one experiment: 

Argonne 41 49 44 52 55 54 
Other government labs 9 8 7 11 15 
Universities 33 45 51 79 ;; 
Industry 5 9 7 13 

ii 
17 

Foreign 18 39 34 27 24 16 
TOTAL 106 150 143 182 196 183 

+ FY83 = Fiscal year 1983 = October 1982 through September 1983. 
* 2 weeks to be run early in FY89. 

Recent and planned conferences and workshops 

We continue our strong commitment to sponsor conferences and workshops in 
connection with our efforts to spread the news about neutrons in general, and the 
capabilities of IPNS in particular. Financial and technical assistance from both the 
University of Chicago and Argonne’s Division of Educational Programs is greatly 
acknowledged. 

Conferences and Workshops 
December 8-9,1986 

Third IPNS User Meeting 

May 12-13, 1987 
Design Vorkshop for an Advanced Chopper Spectrometer at LANSCE 

October 26-29, 1987 
International Conference on Techniques and Applications of Small Angle 
Scattering 

November 6-7,1987 
Workshop on X-ray and Neutron Scattering from Magnetic Materials 

October 3-7,1988 
International Collaboration on Advanced Neutron Sources (ICANS-X), Joint 
Sponsorship with LANSCE at Los Alamos National Laboratory 



44 IPNS status 

Planned Meetings 
October 24-26, 1988 

Workshop on Momentum Distributions 

November 14-15,1988 
Fourth IPNS User Meeting 

November 16-18,1988 
Short Course on Neutron Powder Diffraction and Rietveld Analysis 

Figure 9 shows that the requested beam time under the user program remains high 
and is dominated by non-Argonne scientists. The large increase in university users is 
due to the establishment of PRT’s and a number of groups consisting of faculty, 
post-doctoral appointees and graduate students which focus their research at IPNS. 

1200 

lOOO- 

o Total Requested 

l Non-ANL Principal Investigator 

A Available at Instruments 

800 - 

0 I I I I I I I 
82 83 84 85 86 87 88 89 C 

Year 
30 

Fig. 9 Experimental beam time requested under the IPNS User Program. 

Advanced Pulsed Neutron Source (ASPUN) 

The need for more intense neutron sources has been the subject of many meetings and 
reports. The most thorough workshop took place at Shelter Island, New York, in 
October 1984. The major findings of the workshop were: 

1. The case for a new higher flux neutron source is extremely strong, and such 
a facility will lead to qualitatively new advances in condensed matter science. 
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2. To a large extent, the future needs of the scientific community could be met 
with either a 5 x 1015n-cm-2-s-1 steady state source or a 10*7n-cm-2-s-1 peak 
flux spallation source. 

The scientific output and future of pulsed neutron sources have been growing steadily 
in recent years. It is the goal of the ASPUN project to develop fully the potential of 
pulsed neutron sources by designing the next generation source. The goal of present 
generation pulsed sources is in the 100-200 pA range, which would yield a neutron 
flux that is a factor of 3-6 higher than IPNS when operating with the enriched 
uranium (Booster) target. 

The ASPUN project would increase proton currents by a factor of 20 or more beyond 
the design goals of presently operating sources. This project would be the 
1017n-cm-2-s-1 peak flux spallation source as recommended by the Shelter 
Island report. Funds for a design effort to start in fiscal year 1990 have been requested 
of the Department of Energy. Details of ASPUN are given in another paper in these 
proceedings. 

Conclusion 

The report on DOE neutron sources that was released in December, 1987, and chaired 
by P. Pincus, praised IPNS for its effectiveness as a user facility and its world 
leadership role in instrument development. An extended tenure of operation was 
recommended as well as support for pulsed neutron instrumentation and development 
of next generation sources. The ever increasing instrument capability, the Booster 
target and our very active involvement with the scientific user community guarantee 
a productive scientific future for IPNS. 
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Recent progress at LANSCE 

R. Pynn 
Los Alamos Neutron Scattering Center 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

Since the last ICANS meeting in 1986, a new construction project, funded at the 
level of $17.5 million by the U.S. Department of Energy, has been started at the Los 
Alamos Neutron Scattering Center (LANSCE). This project comprises an 
experimental hall with an area of 1700 square meters, a support building which 
includes both laboratories and offices, and four new spectrometers. The experimental 
hall was occupied in April of this year and we anticipate the use of the support 
building within six months. Both of these buildings, an artist’s impression of which 
is shown in Fig. 1, are essential for the national user program which is described 
below. 

Fig. 1 Artist’s impression of the new LANSCE facility. 

The four instruments included in the construction project are a medium-resolution 
powder diffractometer (NED), a reflectometer for surface studies, a high-resolution 
chopper spectrometer with a Brillouin scattering option, and a back-scattering 
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spectrometer. Design workshops for each of these instruments have been held and 
have involved participation of scientists from both the United States and Europe. 

The first incarnation of the NF’D (cf. Fig. 2) was installed in August of this year, in 
time to benefit from several weeks of beam. Experiments have been performed on a 
number of samples and the spectrometer has been found to have the predicted 
resolution (currently the highest for any US powder diffractometer) and low 
background. In future, new detector banks, comprising linear, position-sensitive 
detectors, will be added, and the instrument should reach its “final” configuration 
within two years. 

Fig. 2 The Neutron Powder Diffractometer (NPD) recently installed in the new 
experimental hall. 
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During the past two weeks, first measurements have been made with our prototype 
reflectometer, yielding data such as those shown in Fig. 3. Since no serious effort 
has yet been made to reduce background on this instrument, the results in the figure 
are encouraging. The reflectometer has a novel design involving two beams incident 
on the horizontal plane of the scattering sample at different angles. Although the 
instrument will be in regular use from 1989 onwards, it will not be included fully in 
the user program until 1990. 

10“ - 

1 O-2 - 

1000 i of nickel on silicon 

1 o-3 - Angle of incidence 1.0" 

10-4 - 
I I I I I I I I I I 

5 lo 0 

Wavelength (A) 
Fig. 3 One of the first reflectivity profiles obtained with the LANSCE reflectometer. 

Detailed design is already in progress for the chopper spectrometer and we anticipate 
the installation of the incident beam line by next year. The first operational part of 
this instrument will involve the low-angle detectors needed for Brillouin scattering, 
some of which should be installed by next year. The vacuum tank containing the 
high-angle detectors is unlikely to be available before 1990, however, and the full 
compliment of detectors will not be implemented until 199 1. 

The last of the four new instruments, the back-scattering spectrometer, has been 
designed conceptually but not in detail. This spectrometer will be positioned at the 
end of a 58Ni-coated guide viewing the existing liquid-hydrogen moderator. The guide 
tube will be ordered in the very near future, but a debate concerning the relative 
merits of straight and curved guides has to be concluded first. 

Part of our construction program involves making four additional penetrations in the 
existing bulk-shield and bringing these beams into the new experimental hall. The 
penetrations will be made next year, but upgraded and new moderators will not be 
installed until 1991 or 1992. One of our current exercises is to determine the 
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locations and identities of the new moderators and the disposition of the 
spectrometers they will serve. Plans in this area are far from concrete, but it appears 
likely that we will install at least one liquid-methane moderator. In all probability 
the existing (or renovated) versions of the single crystal diffractometer (SCD) and the 
filter-difference spectrometer (FDS) will be moved to the new experimental hall when 
the upgraded moderators are installed. Options for less conventional moderators, such 
as mixtures of metal hydride and liquid hydrogen, are also being studied. 

This year was the first in which LANSCE ran a formal user program, similar to the 
widely-copied ILL model, with proposals examined by an External Program Advisory 
Committee (EPAC). LANSCE shares this committee with the IPNS, and it is our 
intention to hold joint meetings at which proposals for the two centers are examined 
at the same time. Operational issues prevented such a joint meeting in 1988, but 
one is planned for March of next year. A policy for the distribution of LAMPF 
protons between the LANSCE target and the Weapons Neutron Research facility has 
been agreed. Essentially this policy results in LANSCE spectrometers being 
available to external users for non-classified research during about 60% of each 6- 
month LAMPF run-cycle. Classified measurements may also be performed, and may 
occupy up to 20% of the available beam time. Such experiments are chosen on the 
basis of proposals which are examined by an Internal Program Advisory Committee 
(IPAC). It was gratifying to observe that beam time was over-subscribed by a factor 
of about two in 1988, with a total of 102 proposals submitted for non-classified 
research on 5 spectrometers. In addition there were 12 proposals for research of 
programmatic interest to Los Alamos National Laboratory. 

Unfortunately, statistics for beam availability were unimpressive this year. 
Although the overall beam availability was about 64% during the six weeks of cycle 
52 (18th August to 3rd October), cycle 51 (15th June to 22nd July) averaged only 
30%. The technical reasons for this poor performance will be discussed in more 
detail by Bob Macek in a later presentation. To a limited extent the numbers are 
reduced by our definition of availability. Beam is defined as available only when the 
proton current exceeds 50% of the planned value (30 p.A at 15 Hz for most of 1988). 
Since the potential exists for unacceptable radiation levels to be generated in the 
neutron scattering halls during PSR tuning, the latter operation has to be carried out 
at reduced proton current. Tuning accounted for 13% of scheduled time in cycle 51 
and 9% during cycle 52. 

The peculiarity of our accounting system for beam availability does not really reduce 
the severity of our problems in this area, however, and an increase of availability is 
the major short-term priority at LANSCE. I believe that Bob Macek and his group 
have now identified many of the improvements to existing hardware which will be 
required to ensure improved reliability. These will be implemented as rapidly as 
possible as part of the Laboratory plan to ensure that PSR reaches its full potential 
within the next three years. 

In spite of the poor reliability of PSR, we were able to carry out 42 of the 49 
experiments approved by EPAC and all 8 of the experiments ratified by IPAC. 
However, 22 experiments had to be rescheduled and user satisfaction was only 
achieved by using LANSCE discretionary time. Even so, 33 experiments in support 
of the LANSCE research program were accomplished during discretionary periods. 
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Although PSR was originally designed to deliver 100 yA of protons, we have been 
unable to increase the current beyond about 35 @ without compromising hands-on 
maintenance. The problem has been traced to the Ho injection scheme which, when 
it was implemented, was seen as a cost-effective attempt to solve a difficult technical 
problem. Unfortunately, the scheme results in an unprecedented increase in beam 
emittance before injection and to a non-Gaussian beam profile. Both of these 
features, which will be discussed in Macek’s talk, lead to unacceptable spill for 
proton currents above about 35 PA. To achieve the 100 pA of which PSR is 
capable will therefore require a modification of the injection scheme. The 
management of Los Alamos Laboratory has decided that this task has high priority 
and that it will be accomplished within the coming three years. 

Those of you who visited LANSCE prior to the 1988 run cycles will remember that 
experimenters had no access to their spectrometers during proton beam delivery. At 
that time, unforeseen spills of the protons could have caused massive radiation doses 
close to the neutron spectrometers. Solution of this problem was our first priority in 
1988. A triply-redundant system of fail-safe instrumentation has been installed to 
detect beam spills and unacceptable radiation levels. The system is able to interrupt 
the proton beam sufficiently rapidly to prevent unreasonable exposure of personnel to 
radiation fields, However, as mentioned above, it is necessary to diminish the proton 
current during tuning operations, when beam spill is inherently more likely, in order 
to avoid trips of the safety instrumentation. To be able to tune without incurring 
this reduction of current will require the installation of additional shielding around the 
pipe through which protons pass from PSR to the LANSCE target. 

During the past year we have made a concerted effort to understand the shielding 
requirements for neutron beam lines and spectrometers at a high-current spallation 
source. On the basis of Monte Carlo calculations which he will describe at this 
meeting, Gary Russell has been able to generate an algorithm for effective shielding 
which minimizes the amount of unnecessary material. This cost-effective solution, 
shown schematically in Fig. 4, has been implemented on NPD and found to work 
well. 

A development at LANSCE that has paid dividends recently is the Generalized 
Structure Analysis System (GSAS), which is used to treat diffraction data obtained 
with both powders and single crystals. This software, which was written by Allen 
Larson and Bob Von Dreele, is currently in use at more than 35 sites in addition to 
LANSCE. The programs were written with the ability to refine simultaneously 
multiple, independent data-sets. It has proved particularly useful to combine data 
obtained with x-rays and neutrons on the same powder sample. The crystallographic 
structure obtained from the refinement is more accurate than could be obtained with 
either technique alone and local minima in the least-squares refinement are avoided. 
Furthermore, the maximum level of structural complexity which can be treated is 
increased when independent data sets are used. I believe this to be a true example of 
what is meant by the complementarity of x-rays and neutrons: the simultaneous use 
of both probes to solve complex structural problems. 

A LANSCE initiative which may revolutionize the way in which pulsed-source data 
are analyzed involves the use of maximum entropy methods. Devinder Sivia, who 
will talk tomorrow, has already demonstrated the power of this method in the 



52 LANSCE progress 

treatment of data obtained on the FDS. However, I believe that the method may have 
use beyond the simple implementation of data treatment algorithms. The maximum 
entropy method provides an impartial assessment of the information content of data. 
Thus, it may be used to rank the relative effectiveness of different spectrometer 
resolution functions. In particular, Devinder has shown that resolution functions 
with one sharp edge are superior to symmetric functions of the same variance. At 
pulsed spallation sources, where the physics of the neutron moderation usually leads 
to asymmetric lineshapes, this observation may have far-reaching consequences. 

t - 4.In 

4-h _ 6-h 

‘A An.:, 

Typical shield from the 
bulk shield to 5 meters 

1. ‘.. . . . , ... 
j_ 24_in, F S-in:_1 

24.in. 

Typical shield from 
5 meters to the ER wall 

Typical shield for 
the new hall 

Fig. 4 Cross section of LANSCE beam line shielding which has been optimized with 
the help of detailed, neutron-transport codes. 

In conclusion, the past year has been one of great change at LANSCE. It has been 
an exciting time during which new developments have occurred almost daily. 
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National Laboratory for High Energy Physics 
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Ibaraki, 305 
JAPAN 

1. Outline 

The world’s smallest pulsed-spallation neutron facility KENS is still active and has 
been successfully operated since the last ICANS with increasing proton-beam 
intensity. Scientists of the proton accelerator group at KEK have convinced 
themselves that a beam intensity of 2 x 101* protons per pulse came within range. 

The beam time allocated to neutron-scattering experiments was about 1150 hours per 
year, which is saturated since 1981. Visiting scientists spent about 3500 man-days 
at the KENS facility in the last year from about 40 different institutes to perform 
experiments. Fig. 1 shows the total number of registered users in each fiscal year 
since FY 1981. 
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Figure 2 shows the number of proposals accepted each year. About 60 

proposals including test experiments were accepted each recent year from more 

than 65 proposals, and about 55 experiments were successfully completed. At KENS 

we have two categories of proposal. Proposals by large groups responsible for 

construction, operation, maintenance and improvement of the instruments which 

they are concerned with are classified in the first category A/B1 and they can use 

up to 60% of the beam-time. On the other hand, proposals by small groups of pure 
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users are in the second category, B2, and they have to share the remaining 40% 

beam-time in competition. We intend to increase the B2 fraction: for example, in 

the case of the small angle scattering instrument SAN, more than 60% of the beam 

time is allocated to B2. 

Fig. 2 Number of proposals accepted 

Figure 3 shows a beam-time distribution of each instrument used in various 

research fields in recent years. 
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The budget for KENS has also been saturated since FY 198.5. Table I shows, in 

round numbers, the budget in FY 1988 after adjustments at KEK. Costs for 

manpower and for accelerator operation arc not included. Laboratory ovcrhcad 

and various costs for radiation safety, electricity, water, air-conditioning etc. have 

been subtracted. KEK supports full expenses for travel and stay of outside visitors. 
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Table I Budget for KENS in FY 1988 
(unit is YM) 

Operation of facility Neutron scattering experiments 
KENS Beam line Experiment Travel and lodging 

. 
85 51 96 16 

Table II shows the number of scientists and engineers in the Booster 

Synchrotron Utilization Facility (BSF). 

Table II Number of Scientists and Engineers in BSF 

Scientists Engineers 
Director 1 
Neutron scattering 6 2 , 
Beam-line 3 4 

The number of publications for research at KENS are shown ‘in Figs. 4 and 5. 

The total number of papers published in journals and conference proceedings 

came to about 250, including reviews, status reports, accelerator/beam-line 

development for KENS, and publications in Japanese, in addition to neutron 

scattering results.. 
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5 Proportions of publications in each tieid 

2. Target and Moderators 

The neutron-production-target system of depleted uraniumI) has worked 

quite well with great stability during these years. In Fig. 6 the measured 

temperature rise at the center of the first target block (the block with the 

heaviest heat-load) is plotted as a function of proton beam current at a rated 

coolant-flow (60llmin). The temporal change in the temperature rise is probably 

due to fluctuations of the proton-beam position on the target. Error bars indicated 

in the figure represent the maximum and the minimum of the temperature 

distribution. The temperature rise per uA was thus determined as 15.6+ 3.2”C/uA. 

The maximum temperature of the target block is, therefore, estimated to be 177?32” 

C at the designed proton-beam current of 10 PA with a coolant temperature of 21°C. 

The estimated temperature is significantly lower than the highest safe value 

estimated in the safety analysis report. 
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It was recently found that the polyethylene moderator at room tempcraturc 

suffered from serious radiation damage due to the incrcascd proton-beam-current 

and the use of the dcplctcd uranium target. We therefore decided to replace the 

polyethylene with circulating light water. Full installation of the new moderator 

system was completed September 1988. 

Some improvements were performed on the hardware of the KENS cold 

neutron source2). The vacuum-pump system was improved by replacing the 

previous diffusion pump with a turbo-molecular pump (RTP-300 RIGAKU, 

3201Lsec). The control system was also improved so that the vacuum can be held in 

the event of an electric power failure and the pump starts automatically on 

recovery. 
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Fig. 7 Operational records on renewing solid methane moderator: 
standard operation until June 1988 (upper), quick operation (lower) 
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WC, however, have serious problems on the solid methane moderator. We 

experienced a so-called “burp” three times and the cryogenic moderator chamber 

suffered from serious damage2). The chamber was replaced by a new one in 

September 1987. Although the “burp” problem has not been overcome, we can 

avoid the burp by renewing solid methane before reaching a critical value of 

integrated protons on the target, which is empirically determined to be about 

6 x lo’*. Therefore after the installation of the new chamber we renewed solid 

methane at the midpoint of the beam cycle before reaching the critical dose. We 

had to waste almost one day of cold neutron beam-time in each cycle for renewing 

as shown in Fig. 7(a). In order to minimize the wasteful time, we tried to renew 

the solid methane as quickly as possible. Every working day of beam-time about 4 

hours in the afternoon is allocated to the medical group, Particle Radiation 

Medical Science Center, university of Tsukuba, for cancer therapy using protons. 

If we can complete the renewing within the medical beam-time, we have no loss. 

The result of the first quick renewing is shown in Fig. 7(b). We confirmed that we 

can restart experiments with the solid methane moderator immediately after the 

end of the medical beam-time. 

Another important problem is cryostat trouble. Since December 1985 we use 

a new-type cryostat in which the heat exchanger is embedded into the side walls 

of the moderator container. The performance of the second cryostat of this type, 

which was installed in September 1987, became poor since April 1988: sometimes 

the methane temperature went up to 40 K associated with poor vacuum. We found 

that it was, at least partly, due to a leak of coolant helium to the vacuum space of 

the cryostat. Even though the second cryostat had no experience of burp, it 

suffered from damage. It is not clear what is the major mechanism of such 

damage, but we guess that a welded part between the wall-heat-exchanger and the 

external piping of coolant-helium cracked by the stress associated with the 

volume increase of solid methane by radiation. Similar cryostat trouble at IPNS 

was reported by Carpenter.3) They avoided burp by raising the methane 

temperature periodically, but the life of the cryostat was rather short. September 

1988 we replaced the second cryostat by a third one. We, however, have to develop 

a new type of cryostat in due course. 

3. Development of Neutron Scattering Instruments 

In the KENS facility there are sixteen instruments : Fourteen are in 

operation, a chopper spectrometer INC is under construction and an ultra cold 

neutron gcncrator test UCN is still under development. Recent layout of these 

instruments is shown in Fig. 8. 

u was designed for complementary USC with a sister instrument MAR1 

which is under construction at ISIS. The mechanical chopper of INC is almost the 

same as that of MARI. Since INC has shorter flight path lengths than MARI. the 
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counting rate can bc made comparable by 

resolutions slightly. A vacuum scattering 

were installed in place. Data acquisition 

relaxing the energy and momentum 

chamber and a spectrometer shield 

electronics and computer are ready. 

About 170 He-3 detectors will be installed within this year. A fast Fermi chopper 

was supplied from the Rutherford Appleton Laboratory. The construction of INC 

will be completed by the end of FY 1988. Details will be presented at a Poster 

Session by Arai. 

The energy resolution of the high-resolution quasielastic spectrometer 

LAM-80 4, was improved by use of mica instead of pyrolytic graphite as analyzer 

crystals.5) The energy resolution attained is about 19 peV with 6.6 A and 8 ne V 
0 

with 9.9 A neutrons. LAM-80 has an incident flight path about 31 m long which 

makes a contributioh to the energy width AEi - 13 peV for 6A incident neutrons. 

Energy resolution of the analyzer crystal has to be matched with AEi. Pyrolytic 

graphite (PG) with any mosaic spread is too bad and perfect crystal of silicon is too 

good for this. Mica crystal seems to be the best in this energy-resolution range. 

In Fig. 9, the third order Bragg reflection from a mica crystal (1.83 meV) is 

compared to the 002 rcflcction from a PG with mosaic spread of 0.4”. Those are 

measured with analyzer angle 8A=87’ at the exit of the 31 m long neutron guide 

(C2) from the solid methane moderator. The peak shape of the mica is superior, 

especially in the rising side. Note that the faint intensity on the both sides of the 

peak observed with PG is completely eliminated. Neutron scattering spectra from 

a vanadium sample on the LAM-80 using the third order reflection of the mica 

crystal (6.6A at eA=80“) is also shown in Fig. 9. 

The performance of the coherent inelastic scattering spectrometer MA X 6) 

was also improved. By use of vertically focused analyzers instead of previous flat 

ones, the counting efficiency was increased by a factor 1.7 and the signal to 

background ratio by about 1.5 times as shown in Fig. 10.7) Each analyzer mirror 

consists of 16 pieces of pyrolytic graphite (6mm x 50mm) aligned on a curved 

holder which is a part of a simple cylinder instead of an ellipsoid. Since the 

essential feature of MAX is that the curvature of the analyzer varies with 8A, many 

holders with different curvatures were prepared. Further improvement on 

analyzers is in the planning stage. 

The characteristics of the MAX are most suitable for measurements of spin 

wave excitations in two-dimensional magnets, because simultaneous constant - q 

scans by many analyzer-detector sets become possible. Typical TOF spectrum and 

measured dispersion relations for a two-dimensional random antiferromagnet 

Rb2CoO.14NiO 86F4 are shown in Fig. 11 for reference.8) 
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Fig. 9 Comparison of Bragg reflections between mica 
crystal (E3=1.83 meV) and PG with mosaic spread 

of 0.4” (left), and neutron scattering spectrum 
from vanadium sample on LAM-80 with mica 
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Fig. 11 Typical constant-q spectrum (left) and 
dispersion relations (right) of two-dimensional 
random antiferromagnet R~Coo.l4Nio,86Fq 
at 15K obtained on MAX. Measuring time 
was 2.5 days 
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The performance of the polarized epidermal neutron spectrometer PEN was 

also improved.9) A polarized proton filter is used as a neutron polarizer and 

proton polarization more than 80% was achieved by microwave pumping in a 4H e 

bath at OSK. Epithermal neutron polarization of more than 70% was obtained, 

with a neutron transmittance about 25%. 

The polarized cold neutron spectrometer ~opI0) has been modified. By the 

installation of PSD’s at small angle region with a newly constructed vacuum 

chamber, small angle scattering using polarized cold neutrons has become 

possible. * 1) 

The number of backward neutron detectors of the high resolution powder 

diffractometer HRp12) w as increased to improve counting efficiency. A new 

computer program13) has been developed for the Rietveld analysis of time-of- 

flight neutron diffraction data on the HRP. KENS is a low repetition pulsed- 

neutron-source (20Hz) which makes it easy to enlarge the d-spacing accessible. 

Powder diffraction in larger d-spacing region becomes possible by adding lower 

angle counter banks. Results of a test experiment to detect 001 diffraction from 

Ba2Y(CuZn)307_z (d=11.626A) and 002 diffraction from Tl2Ba2Ca2Cu3010 (d-17.8A) 

are shown in Fig. 12 with Rietveld refined profiles. The installation of lower- 

angle-counter banks is under progress. The data acquisition electronics of the 

HRP was also upgraded: a new electronic time-focussing hardware was developed 

at KENS, which can accept neutron signals in much higher rate than the 

computer focussing. 

The medium resolution powder diffractometer MRP is being converted to a 

multi purpose diffractometer. In addition to the original function as a 
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Fig. 12 001 diffraction from Ba2Y(CnZn)307_, (d=11.626A) (left) and 002 diffraction from 
‘Il2Ba2Ca2Cu3010 (d-17.8A) observed by a low angle test counter on HRP 

conventional powder diffractometer, options for single crystal diffraction and 

epithermal neutron diffraction are built in. For the former option, MRP is 

equipped with ID-PSD’s and a sample goniometer table which allows the use of a 

heavy helium cryostat, and for the latter, with a high-efficiency small-angle 

counter bank to detect epithermal neutrons from neutron-absorbing samples. 

The down-scattering crystal spectrometer LAM-D r designed mainly for 

molecular spectroscopy, was moved from the H-6 beam hole to the H-9 after 

upgrading. The number of analyzer-detector arms was increased from one to four 

to realize larger analyzer solid-ang1e.l 4, 

4. Data Acquisition and Processing System 

The installation of the KENS new data acquisition and processing system 

based on the VAX has been completed. A VAX 8350 was chosen as a hub computer 

and eight VAX station II’s were introduced as data acquisition computers with 

many Macintosh front end computers. The data-acquisition software ICP/GENIE 

developed at RAL was introduced to our new system by M.W. Johnson (RAL) under 

UK-Japan collaboration. Details of the new system will be qresented at Poster 

Session by Furusaka. 

5. Activities in Neutron Scattering 

One of the highlights of the research achicvcd in these periods was the first 

successful determination of the crystal structure of a highTc superconductor 

B~~YCU~O~_~. It is already historical, but highly exciting at that time of the “High- 

Tc fever”. Early March 1987 our collcagucs in National lnstitutc for Research in 

Inorganic Materials, Tsukuba, informed us that they were just successful in 

preparation of a high-quality single-phase powder-sample of Ba2YC~307_~. 
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Proton accelerators at KEK were already shut-down finishing the scheduled 

operation in that fiscal year. Director General, professor T Nishikawa, decided to 

restart the proton-accelerators and immediately carry out the diffraction 

experiment on this sample with the high resolution powder diffractometer HRP. 

The sample was in fact not a single-phase one but a mixture of orthorhombic and 

tetragonal forms, but fortunately we were successful to determine the crystal 

structures of both phases simultaneously. It was almost the same time with three 

other independent experiments performed at IPNS, ISIS and ILL with their high 

resolution powder diffractometers. In succession, we studied the crystal structure 

of various 123 compounds RBa2Cu307_6 (R : Y or lanthanide elements) using the 

HRP and showed that the variation of the long apical Cu.0 bond distance of the 

Cu 0, pyramid must have a crucial role in forming Cooper pairs of 0-2~ holes 

between CuO4 layers. We also studied various nonstoichiometric compounds 

Rl+xBa2_xCu307_6 and showed that [Cu-O]+ concentration controls T,. 

The crystal and magnetic structures of (LaSr)2CuO4 system were also 

studied. Powder diffraction on the HRP showed that the space group of La2CuO4 is 

Cmca. Since the superconductivity is believed to be strongly related to the 

magnetism of these systems, the magnetic contribution to small angle neutron 

scattering is being measured using large single crystals on the small angle 

scattering instrument SAN. 

New superconductors of Tl- and Bi-systems were also measured on HRP. 

Structural parameters of Lal.oCal.LCu20,. which does not show superconductivity, 

were also refined. The results will be useful in the examination of theories. 

As an interesting application of an eV-spectrometer utilizing a nuclear res- 

onance, a combined method of high Q scattering spectroscopy with resonance ab- 

sorption spectroscopy was developed on RAT (resonance detector spectrometer). 

This method is useful to determine the mean kinetic energies, i.e., effective tem- 

peratures of specific elements in multi-component systems such as high Tc super- 

conductors. Ikeda found that the effective temperature of oxygen atoms is un- 

changed in various oxides, while that of copper atoms changes significantly; the 

effective temperature of copper atoms in the La2Cu04 system is higher than those 

in metal Cu and CuO, and the YBa2Cu307_x system has much higher efective tem- 

perature of copper atoms than those mentioned above. A technical aspect of this 

application will be presented at a Workshop Session by Ikeda. 

A parity-nonconserving (PNC) effect in neutron radiative capture was 

extensively stud& using polarized epithermal neutrons from PEN. A new y-ray 

annular detector made of BaF2 scintillators was constructed and the y-ray 

detection efficiency was increased. Simultaneous measurements of capture y-rays 

and neutron transmission with positive and negative helicity states gave 

consistent results on the p-wave resonance of 139La at 0.734 eV. 

Kinetics of first order phase transitions has been examined on AI-Li alloys 
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by use of SAN. Experimental results show a peculiar behavior at very early stages 

of the phase transition; the exponent n in the scattering law q-” changes with 

time. It is explained by a competition between phase separation process and 

order-disorder transformations. 

In addition to the above topics, many experiments in various fields, for 

example, precipitation in Nb-Ti multifilamentary superconducting composites, 

magnetic excitation in the two-dimensional random antiferromagnets 

Rb2Co,Nil_,Fq, magnetic structure of the reentrant spin glass Fe-Al alloy system, 

structure and dynamics near the glass transition, dynamics of fractal structure, 

and so on have been extensively carried out in these periods. 

6. Japan-UK Collaboration 

This is the third year of the UK-Japan collaboration on neutron scattering. 

The construction of the chopper spectrometer MARI, which is provided by KEK for 

installation on ISIS in Rutherford Appleton Laboratory, is going well. A vacuum 

scattering chamber is ready for installation. A fast Fermi chopper is almost ready; 

The computer for the data acquisition system and associated electronics are ready 

as well. The construction of MAR1 is expected to be completed in FY 1989 on 

schedule. 

The workshop of the collaboration “Neutron Scattering Research with 

Intense Spallation Neutron Source-Today and Tomorrow- was held at KEK on Oct. 6- 

7, 1987. About fifty participants attended at the meeting. The proceedings of the 

meeting has been completed and will be distributed soon. 

In FY 1987 a Japanese scientist stayed RAL for a long term and three visited 

RAL for a short term to perform neutron scattering experiments and collaborate 

on the construction of MARI. 

7. KENS-II 

The future program of the pulsed spallation neutron source KENS-II was 

included in the Japanese Hadron Facility Project as an important part of four 

major fields. The project was already authorized by the Science Council of Japan, 

and is now under examination by the government 

Details on the KENS-II project will be presented by Endoh at a succeeding 

Session. Here I give only very brief comments on some technical aspects. Proton- 

beam energy is still not fixed: 1 GeV with a 1 GeV proton linac and a storage ring, 

or 2 GeV (or less) with a 1 GeV linac and a synchrotron. Time-averaged proton- 

beam-current is expected to be 200 pA. 

We are thinking of adopting a coupled cold moderator, probably a composite 

moderator of liquid hydrogen with light water at room temperature, in order to 

obtain higher time-averaged cold neutron flux albeit in longer pulses. One idea of 

the target-moderator-reflector assembly is a combination of a coupled cold 
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moderator with decoupled moderators at ambient and reduced temperatures. The 

former could hopefully be located in a large D20 tank above the target. The latter 

would serve short-pulse uses similarly to the present operation of other spallation 

neutron sources (ICANS laboratories). 

We performed some neutronic calculations for the KENS-II with higher 

proton energies, say 2 GeV. A result will be presented at a Workshop Session. 
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Status report of SINQ: A continuous spallation 
neutron source 

W. E. Fischer 
Paul Scherrer Institute (PSI) 
CH-5232 Villigen 
SWITzEFL4ND 

1 Introductionary Remarks 

A most significant development at SIN the past year has been the merging of 
several research institutes to what is today called the “Paul Scherrer Institute” 

(PSI). Good old SIN fell prey to this undertaking. The new institute contains the 

former 

Swiss Institute for Nucelear Research (SIN) 
Federal Institute for Reactor Research (EIR) 
Radio Corporation of America Laboratory in Zurich (RCA) 

Since, within the new organisation, the research domains “physics of condensed 

matter” and “material science” are supposed to gain considerable significance, I 

would like to present this PSI here as an introductionary remark. 

PSI contains four research departments, namely (Fig. 1) 

Nuclear- and Particle Physics 

Biological- and Medical Science 

Physics of Condensed Matter, Material Science 
Energy Research and Engineering Sciences 

One of the tasks of the institute is the development and operation of complex 

research facilities, which are beyond the scope of universities. The relationship 

between PSI and the federal and cantonal schools are based on the principles of 

complementarity and close collaboration. International scientific collaboration, in 
particular through common research- and development programs, is strongly an- 

ticipated. 

With Fig. 2 we try to demonstrate the significance of the institute’s accelerator 
system (formerly SIN) for the research activities of the various research depart- 

ments. It shows that this facility is still the backbone (the central hardware unit) 

for the present and future research program. 

A layout of the accelerator - and the meson facilities is presented in Fig. 3. The 

location of the neutron hall, containing SINQ-station and the guide hall is at the 

upper right of the picture. 
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The accelerator system delivers today a proton beam of 200 - 250 PA at 590 MeV 

onto the meson targets. While the accelerator could run currents of 500 PA, the 

operation is restricted today by the second target station which has still to be 
improved for the higher currents. For currents above 1 mA the rf-system of the 
ring-cyclotron will be upgraded by doubling the rf-power of the main amplifiers. 
The time schedule for these tasks is given in Fig. 9. 

2 The Spallation-Neutronsource 

A vertical cut of the central part of SINQ is shown in Fig. 4. Proton beam injec- 

tion into a molten lead-bismuth target (eutectic mixture) through a solid window 

is from below. Natural convection of the target material driven by the power de- 

position of the proton beam is used as cooling mechanism for the target. The heat 
exchanger is located in the upper part of the slim target cylinder. 

The DzO moderator is in a double walled Al-tank. The gap between the two 

walls is filled with light water, which acts as a shield for thermal neutrons. They 

are hence captured mainly in the water and do not contribute anymore via (n,r)- 

reactions to the heating of the surrounding iron shield. The heating of this shield is 
therefore dominated by the energy deposition of high energy neutrons. While the 
upper shield part and the ring around the moderator tank have still to be actively 
cooled, the lower part does not need active water cooling under these conditions. 

The whole source is surrounded by a contained helium atmosphere. An additional 
safety barrier is defined by a controlled nitrogen containement. Beam extraction 

systems - beam tubes and guides - are installed in a similar way, as in a beam 

tube reactor. Remember that SINQ - due to the absence of macro-timestructure 

in the beam - is a continuous source. 

Before entering into the spallation target, the proton beam is forced through a 

collimator system to prevent - given the emittance - any focus on the target win- 

dow.’ 

The proton beamline over the distance of 54 m between the second meson target 
and the spallation target is given in Fig. 5. The halo produced by scattering in 
the meson target is scrapped off in a four stage collimator system just behind this 
target. After this clean up a virtually lossless transport of the beam up to the 
spallation target appears to be possible. Hand-on maintenance of the transport 

system in the channel ditch is the aim. 

The beam envelope in Fig. 5 is of 4a-width and in second order. 

The layout of the inserted plugs for the neutron extraction channels is shown in 
Fig. 6. We plan to install two cold sources into this facility - a light hydrogen 
- and a deuterium-source. The neutronics and hydraulics of the 20 1 deuterium 
source will be discussed in detail by F. Atchison at this workshop. 

SINQ will provide thermal neutrons at four beam tubes viewing the DaO-moderator. 

Another four beam tubes view the light hydrogen source which appears to provide 
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Fig. 4 Cross section through the central part of the spallation neutron source 
(SINQ). 
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the highest flux in the wave length region between 2 - 4A (Fig. 7). To the Dr- 

source we shall attach a beam tube pair and the guide system. This guide system 

was presented as a poster at this workshop by I. Anderson and F. Atchison. 

In view of the favorable performance of pulsed neutron sources for hot and ep- 

ithermal neutrons we refrained from installing a hot source into our system. 

In Fig. 7 we present the expected spectral fluxes for a nominal primary proton 

current of 1.5 mA. These fluxes are given at the positions of the monochromators 
for beam tubes and at the exit of neutron guides at possible end-standing instru- 
ments. The option to install short supermirror guides in (and at) beam tubes 
viewing the light hydrogen source has been kept open. 

12 3 4 5 6 18 9 10 

Fig. 7 Spectral fluxes at the position of the monochromators or neutron guide exits. 

3 Instrumentation 

In table I we list the spectrometers planned to be installed at the spallation source. 
Two priorities are distinguished - the highest priority being given to the instru- 
ments at the guide system (3.3 - 5.2, 6.1, 6.3). Instruments already in operation 
now at the reactor “Saphir” (formerly EIR) pl anned to be rebuild or possibly 
transferred have second priority. 

Generally speaking the instrumental set corresponds to the experimental installa- 
tions realized today at a modern beam tube reactor. 
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Fig. 8 

Sfafus report SINQ 

presents the layout of the instruments in the Target Hall an 

Guide Hall. 

Fig. 8 Layout of the instruments in the target hall and the guide hall. 

.d the Neutron 
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4 Time Schedule 

Construction work has been started this summer 1988. We plan to begin with the 
installation of the actual target station towards the end of 1990. This phase is 

supposed to last for about 2f years - first trial operation to be expected towards 

the end of 1993. 

As can be recognized from Fig. 9 this schedule is strongly coupled with the activi- 
ties for upgrading the second meson-target station (Target E). A general shutdown 
lasting at least one year (1990) is foreseen for this task. During the same shutdown 
preparatory work for the improvement program at the accelerators will be done. 
The short shutdowns during the years 1991/92 are inserted in order to install - 
one by one - the rf-amplifiers delivering higher power to the accelerator cavities of 
the ring-cyclotron. As a consequence a gradual increase of the operational beam 
current can be achieved. 

) Target - E Au& 
And* UUflPR)IUE4 

1 Bsschleunlger- 
/ ausbau 
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: SiNQ 
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rnA’... 
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Strahlstrom ,* 

/ !i!iKE~ b IlUiUli I... 1.. , 

:;d_!er Rahmenterminplan EH/SINQ/BMF 

Fig. 9 Time schedule of the major tasks at PSI from 1988-1994. 
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SINQ-Spektrometerplanung (Stand: 9,1.87) 

Nr. Spektrometertyp SIN0 Saphir -_ 
1, Prioritat 2. PrioritBt 
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The ISIS target 

A. Came, T. A. Broome, J. R. Hogston and M. Holding 
Rutherford-Appleton Laboratory 
Chilton, Nr Didcot, Oxon 
UNITEDKINGDOM 

1. Introduction 

The ISIS Target Station and its Target(s) have been described in many 

reports, including the Proceedings of the previous nine ICANS Conferences. 

They are, by now we hope, familiar devices to many of the participants at 

this Conference. Participants will hear elsewhere in this Conference 

details of other parts of the Target Station, but this presentation 

discusses the two target failures that have occurred, gives our 

understanding of the causes and indicates the steps being taken to 

alleviate the problems. 

At the outset of the design we were aware that the target would have 

a finite lifetime, due to radiation damage effects, exacerbated by 

mechanical damage due to thermal cycling and fatigue. Estimates of target 

lifetime at full intensity are about 2 years for radiation damage swelling 

and about lOE4 gross thermal excursions. The latter number is the one 

which gives uncertainty in defining the life of the target, since it is 

dependent on the reliability of the accelerator and quality of the proton 

beam. 

The commissioning of an accelerator system and bringing it up to high beam 

intensities have their own special problems. There must be protection of 

components against uncontrolled beam loss, which produces thermal damage, 

prompt radiation and induced activity. Fast beam trips for beam loss 

protection, or equipment failures, result in quenches from high 

temperature in the target which get bigger with increasing beam intensity. 

But the target itself is a difficult device to make, taking about 12 

months to manufacture. Further, changing one is a complex and time 

consuming task, not without its hazards. There is thus something of a 

balancing act to bring the accelerator towards specification before the 
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target fails due to thermal cycling fatigue. In the early days of ISIS 

beam loss protection was the dominant consideration and the target was 

regarded somewhat as a sacrificial lamb to the goddess of machine 

reliability. 

During 1987 there were two failures of ISIS targets. The first target had 

received 92,400 DA-hr of beam, with an unknown number of gross tnermal 

cycles; the second had received 54,000 PA-hr with about 40,000 gross 

thermal cycles (- 20,000 beam trips from all causes). Actual lives were 

25 months and 3 months respectively. 

2. The ISIS Target 

A schematic of the ISIS target is shown in Figure 1. The target consists 

of a 'module' containing 23 disks of depleted uranium of diameter 90 mm 

and varying thickness (dependent on axial position in the target). The 

disks are clad in zircaloy-2, 0.25 mm thick, and mounted in square picture 

frames of stainless steel to form a set of parallel plates separated by 

cooling channels 1.75 mm wide. The D20 coolant flows through these 

channels which are grouped to be fed from 3 main cooling channels via 

stainless steel manifolds bolted to either side of the module. The module 

and manifolds are mounted within a stainless steel pressure vessel which 

has its own independent cooling circuit, the "casing circuit". 

The condit'ion of the target is monitored by 

a) 

b) 

c) 

Thermocouples located at the centres of alternate uranium disks, 

numbers 1, 3, 5 . . . Response time for these thermocouples, 

including all effects, is about 0.5 sec. 

Monitoring the water flov and pressures of each cooling channel. The 

information is collected to define the effective width of the cooling 

gaps, g, proportional to (flow)/(pressure drop) 0.55 . 

A Fission Product Monitor which uses a lithium-germanium detector and 

multichannel analyser to detect and display the gamma spectrum from 

radionuclides in the D20 coolant. First indications of spallation 

and/or fission products can be seen presently in about 30 - 40 

minutes after beam turn-off. 
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FIG 1, ISIS TARGET SCHEMATIC 

The main manifestation of damage to the target, whether due to radiation 

damage or thermo-mechanical effects, is in swelling of the target uranium. 

This swelling has the effect of closing the cooling gaps, so reducing the 

flow and increasing the pressure drop. The reduction of cooling results 

in increased target plate temperatures. The effects are the first 

indications of the approaching end of the target life, or a developing 

serious problem, and in themselves would be sufficient to indicate the 

need for a target change (regarded as a normal end-of-life target change). 

This may be confirmed, if after a delay to allow cooldown of general 

background, fission products are detected in the D20 coolant. 

Both failed targets displayed the above sequence and for both, fission 

products were seen in the coolant. The onset to failure was quite rapid 

in both targets (about 16-24 hours), a point that will be discussed later. 

3. The Target Failures 

a) Target Number 1 
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Target number 1 had been operating since the start up of ISIS in July 

1985. There had been no problems, except for a small internal leak 

between the plate and casing circuits. The beam intensity had been 

increased over the operating period so that in August 1987 it was at 

about 60 uA. There was a suspected blockage in the front cooling 

channel which was cleared (suspect filter bits) and the target was 

run normally for a further 2 weeks when the flow fell from its normal 

113 lmin -1 to 93 lmin -1 and the pressure drop increased from 1.85 bar 

to 2.11 bar (the corresponding gap constant fell from 18.4 to 14.1). 

These values were outside the limits set for normal operation and the 

control system reacted, as designed, by warning the operators. The 

temperatures of plates 1 and 3 rose about 5O“C above the operating 

level of about 250°C causing the beam to be tripped off. The beam 

was restored at reduced level but the water leak developed to an 

unacceptable level. The decision was taken to change the target 

when, in addition to the leakage, the gamma spectrum from the plate 

circuit D20 showed fission products, indicating a breach of the 

cladding. The fission products were individually identified by gamma 

spectroscopy and the gamma spectrum is shown in figure 2. Fission 

products gases released to the atmosphere due to this target failure 

and subsequent operations were less than 10 GBq (i.e. less than 0.05% 

of a reportable release). 

FIG 2. CAhlMA SPECTRUM FOR D20 COOLANT, TARGET NO 1 
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b) Target Number 2 

The experience of target number 2 followed closely that of number 1. 

There was a small inter-circuit leak which did not however worsen. 

The target operated from early September to early December 1987 with 

beam at 70 - 80 PA. Over a period of about 20 hours the gap constant 

fell from 18.4 to 16.7. Figure 3 shows the gap constants ‘over the 

last 90 hours of the target’s life, the fall-off for channel 1 can be 

clearly seen. At this stage the beam was turned off and within 3 

hours fission products were seen in the coolant D20. The target had 

operated for 3 months at high intensity, up to 85 VA. Early in this 

period a beam trip counter was installed which registered 19,400 

trips. The trips were followed by instantaneous turn-on to full 

intensity, inducing similar mechanical stress, to give a total for 

the whole operational period of about 40,000 gross temperature 

excursions. Gaseous releases from this target, due mainly to water 

circuit blowdown prior to target removal, were 46 GBq and contained 

some fission product gases. 

0 10 20 30 40 50 
TIME I~0HO"R&FOR"E"NOb4 

90 

FIG 3. GAP CONSTANTS OVER LAST 90 HOURS OF LIFE OF TARGET NO 2 
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In both target failures the target control, monitoring and safety 

sys terns worked well and gave clear indications of the problems at an 

early stage. The experiences have led to some refinements in the 

monitoring systems, both in terms of beam on target and of display of 

target parameters. 

4. The Target Changes 

The work to change the targets was done entirely by remote means in the 

purpose-built Remote Handling Cell (RHC) which is an integral part of the 

Target Station. Details of the remote handing operations and the lessons 

learned are reported elsewhere in this Conference (1) and only a few 

comments will be made here. Though the RHC was substantially complete, 

much initial preparation was necessary to equip it with TV cameras and 

tools before work could start. Special tools for use with the 

manipulators were prepared and, as far as possible equipment and 

procedures were tested initially in a dummy run. Both changes were very 

much learning exercises and some modifications and improvements were made 

between the first and second change. Of the RH problems encountered, only 

one might have been related to the proton beam, when the pressure vessel 

of target number 1 was distorted due possibly to beam misalignment which 

would give non-uniform heating of the stainless steels in the target. 

Leakage between the plate and casing cooling circuits could also be 

explained this way. 

Generally the work went very much as planned. All work was done with the 

guidance of a nominated radiation protection supervisor. After removal 

both targets were placed in the storage well within the RHC, pending 

further action. Times for doing the work were 

Target 1: Remove and store 5 days. Install new, ready for operation 

10 days 

Target 2: Remove and store 2 days. Install new, ready for operation 

12 days 

In both cases some preparation time was required. With increasing 

experience less preparation time would be needed and the overall task 

might be achieved in 2 weeks. 



Dose rate measurements on the targets gave values 

design calculations, i.e. about 80 mGy hr -1 at 2 m. 

level in the RHC due to other components was about 
7 
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much as expected from 

The general radiation 

200 mGy hr -‘, with 800 

mGy hr-’ on contact with the reflector. The average radiation dose 

received by the staff on the work was one twelfth of the derived dose 

based on the ICRP limit for classified workers. 

5. Examination of Target 2 

Both target failures came sooner than hoped in terms of total current 

though there was increasing concern at the very large number of beam 

trips. An examination of a failed target was crucial and Target 2 (which 

had a better known history) was sent to the Harwell Remote Handling 

Facility for dismantling and expert examination. Figure 4 shows the inlet 

side of the target module with the pressure vessel and manifolds removed. 

The gaps between plates 3, 4 and 5, all part of the first cooling channel, 

can be seen to be partially blocked. Detailed examination showed that 

disks 1 through 16 had wrinkling of the zircaloy cladding over a diameter 

5 - 7 cm, with the remaining disks appearing undamaged. Wrinkling of the 

cladding is due to radiation growth of the underlying uranium randomly 

orientated crystals, and its area reflects the proton beam size (expected 

to be 7 cm dia at full beam, full emittance). Disks 3, 4 and 5 had 

localised swelling, with cracks in the cladding. The cracks were both 

radial and circumferential, and were biaxial due to the underlying 

localised swelling of the uranium. There were also witness marks due to 

the ribs, almost all due to pressure from disk number 4. The cracks were 

black within and outside there were brown rings due to the formation of 

zirconium hydride due to the loss of cooling with gap closure. By far the 

most damaged disk was number 4, where figure 5 shows the localised 

swelling over a diameter of about 3 cm on the front face with’ several 

cracks in the cladding. The swelling is clearly offset with respect to 

the disk centre and was so large as to press into the corresponding faces 

of plates 3 and 5. The damage was recognised (2) as “entirely 

commensurate with failure due to thermal cycling growth, probably caused 

by on/off cycles of the beam, possibly exaggerated by irradiation. There 

was no evidence of engineering faults in the target“. 

A zinc sulphide screen was placed in front of disk number 4, to indicate 

the induced activity in the plate. For comparison purposes, this was 

repeated with disk number 1, which was relatively undamaged. When the 
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FIG 4. INLET SIDE OF TARGET MODULE, TARGET NO 2 

scintillation trace was overlaid on the photograph of disk number 1, it 

showed a good fit to the wrinkled area of the disk. A contour plot was 

also made which showed a “humped” elliptic distribution about 7 cm (v) by 

5 cm (h) and reasonably well centred on the disk. On disk number 4, 

however, this scintillation was again a humped elliptic distribution 7 

cm(v) by 5 cm (h) but like the wrinkling, offset to the left horizontally 

by about 1 cm. The region of severe mechanical damage, about 2 cm 

diameter was offset to the right by about 1 cm and down by 1 cm to the 

edge of the scintillation with no enhancement of the scintillation, i.e. 

this damage, and its induced activity occurred in a time short compared 

with the total irradiation time. Recalling the reduction of gap constant 

occurred over a period of the last 16 or so hours of the target we 

conclude this damage occurred in this same period. 

How can this effect be so localised and how can it occur so rapidly? 

Firstly, the beam intensity at this time was 85 uA and the horizontal and 

vertical emittances were about half the full design value. Due to power 

supply instabilities in the extracted proton beam line the spot size on 
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FIG 5. FRONT FACE OF DISK 4 SHOWING LOCALISED SWELLING 

target varied both in size and location. Beam transport calculations have 

shown that such small spot sizes were possible with the result that at 

these intensities the energy density in the plate could be twice the 

maximum design value. Secondly, the uranium in the target itself is 

polycrystalline, of small crystals with random orientation. During a 

temperature excursion an unrestrained single crystal will not experience 

mechanical stress. However when the crystals are contiguous some crystals 

experience compressive, and some tensile, stress during-a quench. Plastic 

elongation is produced in those crystals experiencing tensile stress, 

which is retained on heating and eventually shared with the other crystals 

by creep. Successive cycles produce further elongation. The strain of 

individual crystals increase linearly with the number of cycles but there 

is no volume change until the voids, defects, etc are filled, when it 

changes rapidly. 

Underlying the above mechanisms , the uranium during operation suffers from 

irradiation growth. Stress is developed due to the mismatch between the 
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movements of adjacent grains which gives rise to plastic deformation. The 

internal strain introduced by growth at the boundary between two grains 

will reach the yield strain in a time tm dependent on the fissioning rate 

and, for ISIS at full intensity is about 170 sets. Continuous plastic 

yielding occurs after this time and the uranium becomes almost devoid of 

strength at low strain rates. Any external stresses applied in times 

> 170 sets will relax to a low value, but in times < 170 sets will not 

relax. These times indicate how some of the effects of a quench can be 

alleviated, by applying external stress at a rate no faster than naturally 

occurs during burn-up of the uranium. 

6. ISIS Operations 

As a result of these experiences a number of improvements in the operation 

of ISIS have been instituted: 

i) With the addition of further diagnostics in the EPB together with 

auto-align programs the proton beam on target has been improved. 

Further beam line quadrupole programs are coming into use and a long 

term program to improve power supply stability is underway. 

ii) The original halo monitor has been replaced by an 8-sector device, 

with two sets of 4 thermocouples at 2 different radii. Uniform 

temperatures are sought and, after warning, the beam is tripped off 

if the alignment is bad (measured by the difference temperatures of 

opposite TC’s). 

iii) The Beam Loss Trip System has been modified so that rather than trip 

the beam due to one faulty pulse in 50, the trip is initiated by 

comparing the beam loss at several points in the machine over 3 

pulses with a pre-set value, or 4 pulses in the case of the Injector. 

This has had the effect of reducing the trip rate by a factor 8. 

iv) A ‘soft start’ system is incorporated when, following a beam trip and 

quench, the beam is brought to operating intensity in 140 - 180 sets. 

This then avoids the mechanical stress induced by a fast up-cycle by 

allowing the uranium to plastically yield, so a quench now results in 

1 thermal excursion rather than 2. The combination of iii) and iv) 

gives a factor 16 improvement in trip rate. 
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VI 

vi) 

The gap constant is now determined once per hour and compared with a 

calculated temperature corrected value (g varies linearly with the 

bulk D20 temperature). Warnings are given when the measured value 

differs by 0.5 (warning) or 1.0 (beam-off), and the problems are 

investigated. In this way it is hoped to recognise an impending 

target failure before the cladding is breached. The subsequent 

target change can then be made without the complication (and possible 

hazards) of free fission products. This system will be incorporated 

into auto-control in due course. 

As part of the transfer of control of the Target Station from “local” 

to the main ISIS control room, improved displays are provided, 

including a colour display of the 7 front plate temperatures, figure 

6, also a longitudinal display of plate temperature. These displays 

have greatly increased the operator awareness of the health of the 

target. 

I I i 
I I 

HexaIec 21353359 
SChnlOOo kd * 28 1958 

swn tn. m3 
Histonc Fufd Display 

FIG 6. DISPLAY OF FRONT 7 TARGET PLATE TEMPERATURES 
(NOTE QUENCH FOLLOWED BY A 'SOFT START') 
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At 15 September 1988, the beginning of a scheduled short shut-down period 

for ISIS, ISIS Target number 3 had received 129,300 VA-hr and 8900 soft 

starts (= beam trips). Other parameters appear to be behaving normally. 

Many isotopes of krypton have been seen in the D20 coolant but, in the 

absence of other radionuclides, these are recognised as spallation 

products of zirconium. Deo Volente . . . . 
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The Proton Storage Ring: problems and solutions 

R. J. Macek 
Los Alamos National Laboratory 
Los Alamos, NM 87545 
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ABSTRACT: The Los Alamos Proton Storage Ring (PSR) 
now operates with 35pA at 20-Hz pulse repetition rate. 
Beam availability during 1988 suffered because of a num- 
ber of problems with hardware reliability and from nar- 
row operating margins for beam spill in the extraction line. 
A strong effort is underway to improve reliability with an 
eventual goal of obtaining beam availability in excess of 
75%. Beam losses and the resulting component activa- 
tion have limited operating currents to their present val- 
ues. In detailed studies of the problem, loss rates were 
found to be approximately proportional to the circulating 
current and can be understood by a detailed accounting of 
emittance growth in the two-step injection process along 
with Coulomb scattering of the stored beam during multi- 
ple traversals of the injection foil. It is now apparent that 
the key to reducing losses is in reducing the number of foil 
traversals. A program of upgrades to reduce losses and 
improve the operating current is being planned. 

1. Introduction 

The Proton Storage Ring (PSR) at Los Alamos functions as a high- 
current accumulator or pulse compressor to provide intense pulses 
of 800-MeV protons for the Los Alamos Neutron Scattering Cen- 
ter (LANSCE) spallation Neutron Source. The neutron scattering 
community has seen several proposals for similar neutron sources 
based on compressor rings fed from a proton linac e.g., SNQ from 
Jiilich, one from Moscow, JHP from Japan, and LANSCE II from 
Los Alamos. To date, only the PSR has been constructed, hence 
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the experience with PSR should be helpful in assessing this ap- 
proach to the design of advanced neutron sources. 

1.1 Layout 

The layout of PSR in relationship to other relevant facilities at 
the LAMPF site is shown schematically but not to scale in Fig. 1. 
An 800-MeV H- beam from the LAMPF linac is kicked into Line 
D and transported through Line D and the Ring Injection Line 
to a high-field stripper magnet where it is converted with 100% 
efficiency to Ho. The Ho beam then enters the lattice of the ring 
through a dipole and is stripped to H+ beam with w 92% efficiency 
in a 200 g/cm2 carbon foil. Up to 2800 turns can be injected 
and accumulated during a single macropulse. Beam is normally 
extracted in a single turn shortly after the end of injection and 
transported to the LANSCE neutron-production target in ER-1. 

1.2. Performance to Date 

Performance parameters of general interest are summarized in Ta- 
ble I where the values as of October 1988 are compared with the 
design goals. The peak current (on the 100 nanosecond time scale) 
available from LAMPF is 8-10 mA and is limited by the H- source. 
By increasing the pulse length beyond the design value to 950 &S 
we have accumulated (in test runs) as many as 3.8 x 1013 pro- 
tons per pulse (ppp) or 70% of the original design goal for this 
parameter. Unfortunately, we cannot use this peak intensity for 
routine operation because of “slow” losses during accumulation. 
In the present operation at 20 Hz, we are limited to an average 
current of 35r_~A by losses of N 0.5 A which have caused activa- 
tion at the maximum acceptable level for hands-on maintenance of 
ring components. These losses occur primarily in the injection and 
extraction regions which contain the known limiting apertures. 
Further information on the design and initial performance are pub- 
lished e1sewhere.l 
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Fig. 1. Schematic layout of PSR at the LAMPF site. 
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fered; great frustration and dissatisfaction were evident amongst 
the user community, and the PSR staff became thoroughly ex- 
hausted making numerous expedient repairs to more deep-seated 
problems. 

2.2. Subsystems Availability 

Much of the downtime came from the pulsed power systems, as 
can be seen in Table II, Subsystems Availability. Thermal fail- 
ures of the water-cooled loads on the switchyard kickers and mas- 
sive failures of high-voltage vacuum feedthroughs on the stripline 
kickers of the ring extraction system were the most acute of the 
numerous problems which developed in 1988. Expedient repairs 
were designed and implemented in the short time between beam 
cycles in what is best described as a frantic effort to recover the 
momentum of the LANSCE research program before the end of 
the 1988 running period. These repairs and a sustained effort to 
keep all systems operational resulted in a marked improvement in 
availability which averaged about 65% in cycle 52. 

The LAMPF linac is also a significant source of downtime. It is 
a mature facility whose availability has been 80 to 85% for many 
years and is at a level that is satisfactory for the nuclear and parti- 
cle physics program which funds the operation of LAMPF. Further 
improvement is an expensive undertaking. The 201-MHz R.F sys- 
tem is a major source of downtime for the linac and estimat#es 
for improving it are between 5 and 10 million dollars; it is not a 
cost-effective candidate for improving overall reliability. The prob- 
lem for the LANSCE facility is that beam availability is the prod- 
uct of the availability of LAMPF and that of PSR and the rest of 
the beam-delivery system. Therefore, to achieve 75% or greater 
overall availability, the PSR and other beam-delivery system avail- 
ability will need to reach 95%. This has been achieved with other 
circular machines such as the Booster Synchrotron at CERN. 

2.3. Improvements to Reliability and Operational 
EfHciency 

The H- source has run at 90 to 95% availability and has required 
two shifts of downtime every two weeks for reconditioning. Efforts 
are currently underway to reduce the arc-down rate and improve 
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Table II. Subsystems Availability in 1988 

Long Term 

Cycle 51 Cycle 52 Goal 
LinRc and H- Source 75% 82% 85% 

Pulsed Power Systems 68% 94% 

Other Beam Delivery Systems && I 95% 91% 
Product (Available from PSR) 43% 70% 80% 

Beam On and Current 
2 50% of Scheduled 76% 92% , 

LANSCE Target/Moderator 

Beam Available to Users at 

> 50% of Scheduled Current 31% 64% >75% 

source lifetime. A spare source is being fabricated to reduce the 
amount of downtime needed for periodic reconditioning. Our goal 
is source availability of 97-98%. 

Many other systems contribute to downtime but a complete discus- 
sion is beyond the scope of this paper. The pulsed power systems 
were discussed earlier. Deionized water systems have presented a 
number of problems including numerous leaks, corrosion of brass 
fittings, and deposits in certain power supplies. The use of lead- 
free solder (95% tin, 5% antimony) with its small workable tem- 
perature range undoubtedly contributed to the large number of 
voids found in the solder joints of the larger copper pipes. Im- 
provements underway include redoing all the joints in the 4-inch 
water line and more instrumentation to monitor water quality. 

Another important loss of beam time arose from frequent tuning 
to reduce spills in the PSR and in the extraction line. In cycle 51 
about 25% of the time when beam otherwise was available, opera- 
tors were tuning at half or less of the scheduled current primarily 
to eliminate spills which caused tripping of the errant beam pro- 
tection instrumentation. Margins on beam spill were much tighter 
in 1988 than before because users were allowed in the experimen- 
tal area of LANSCE while beam was on. Prior to 1988 users were 
excluded when the beam was on. Safe access with the beam on 
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was guaranteed in 1988 by the newly installed fail-safe Personnel 
Safety System (PSS) h w ose three levels of fail-safe errant beam 
detection instrumentation insured that the beam was promptly 
shut off under any beam spill conditions which would present a 
hazard to personnel in occupied areas. 

There is very little margin for error in transporting the extracted 
beam to LANSCE. In the region of transport where the floor of 
the beam tunnel is also the roof of the experimental area, small 
spills of order 3-5 nanoamperes (0.01% of the beam) can cause 
radiation levels of about 20 millirem/hour in certain areas of the 
experimental hall where users must have free access. In this sit- 
uation, the least deviation from the optimal tune can cause spills 
of this magnitude. 

The addition of approximately one meter of iron shielding in the 
extraction channel region over ER-1 would greatly increase the 
tolerance for error in the beam transport to the LANSCE tar- 
get. However, the structural modifications needed to support the 
additional weight are a major complication. Nevertheless, design 
studies of the changes required for additional shielding of this mag- 
nitude are now underway with high priority. 

Variations and drifts of the beams, both to and from PSR, can 
arise from a number of sources including the linac and the beam 
transport. The beam from the linac changes slightly a few times 
per shift; these changes are commensurate with our long term ex- 
perience at LAMPF and can be large enough to have a significant 
effect at PSR. However, by the end of cycle 52, it became clear that 
a large portion of the beam changes which affected PSR resulted 
from poor stability of magnet set points in the Line D transport. 
A factor of 5 to 10 improvement in magnet-power-supply stabil- 
ity is underway. Longer term, we aim for 0.01% set-point repro- 
ducibility, which implies additional improvement in power-supply 
regulation. 

3. Beam Losses2 

Beam losses during accumulation are far and away the most serious 
barrier to higher-current operation. In the present operation with 
35pA at 20 Hz, the losses produce activation at the limit for hands- 
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on maintenance of the ring. As we shall demonstrate shortly, the 
losses at lOOpA would be an order of magnitude higher if nothing 
is done to reduce them. 

3.1. General Characteristics of the Accumulation Losses 

Slow losses are measured to -30% accuracy with a series of 
scintillator-based radiation detectors located on the outside wall 
of the tunnel at beam height opposite each ring dipole. Detector 
gains are all identical; signals from each as well as a sum signal 
of all detectors are used for loss measurements. The sum signal 
is calibrated by allowing a measured quantity of beam to be com- 

pletely lost. Fast analog current signals, obtained directly from the 
phototubes, are available in the control room for detailed analysis 
of the time structure. 

The sum-current signal is a measure of the beam loss rate, i(t). 
A trace from normal operation is shown in Fig. 3 along with a 
signal from a current monitor that senses the circulating beam 
current, I(t). The ring current is a ramp because beam is contin- 
ually injected during an injection period of 375 ps. Fig. 3 shows 
that i/ is nearly proportional to the stored beam intensity. Total 
losses, L = $ L dt, will then be quadratic in time. To increase the 
average current to 100 PA we need to inject for -1000 ps, but 
the losses under these conditions are an order of magnitude higher 
than for the present operation at 375 /.M, which already produces 
the maximum acceptable activation of ring components. 

Losses for an extended period of accumulation can arise from 
those occurriug at the time of injection as well as from continual 
losses of the stored beam. The two components can be separated 
in an experiment where beam is accumulated for a short time 
(-100 ps) and stored for a much longer period (~1000 ps) before 
extraction. Loss rates and circulating current signals from one 
such experiment for a coasting beam (RF buncher off) are shown 
in Fig. 4. The discontinuity at the end of injection is caused by 
the cessation of “first-turn” or injection losses and amounts to 
-2 x low3 of the injected beam current. The loss rate during 
storage is a slowly increasing function of storage time with a frac- 
tional loss rate of -1.3 x 10e5 per proton per turn at the end of 

the lOO-ps injection period. 
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Fig. 3. Loss rate during normal operation. 

The significant loss observed during injection and the continual 
losses thereafter suggest that the injected beam somewhat more 
thau fills the acceptance of PSR. This is corroborated by halo 
plate scans of the horizontal beam profile in the ring in which a 
thick plate is scanned across the ring aperture’ and the fraction of 
the beam intercepted by the plate is obtained by measuring the 
scattered beam intensity in the sum of several loss monitors. The 
signal is uormaliaed to unity when all of the beam is intercepted. 
This technique is especially useful for measuring the beam distri- 
bution in the extremities of the beam. Data from one scan are 
shown in Fig. 5 for the situation where beam is extracted shortly 
(10 ps) after the end of 100 ps of accumulation. The scan pro- 
vides a good measure of the beam distribution just after capture in 
the ring and before foil scattering can cause appreciable emittance 
growth. In Fig. 5 it is readily apparent that the beam distribu- 
tion extends to about 38 mm, which corresponds to the value of 
the limiting aperture defined by the extraction septum. Note that 
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Fig. 4. Loss rate for 1 ms storage. 

the beta functions at the septum and at the halo plate are nearly 
equal. 

The mismatched Gaussian (MM GAUSS in Fig. 5), described in 
the next section, fits the distribution of Fig. 5 very well. 

3.2. Ernittance Growth and Losses During Injection 

It may seem surprising that the beam fills the horizontal accep- 
tance at injection since the acceptance of PSR, ~1307r mm-mrad, 
is so much larger than the rms emittance, -0.5 K mm-mrad, of 
the H- beam from LAMPF. The momentum spread (rms) of the 
H- beam is also small with ap/p z 5 x 10V4. Two main factors 
contribute to emittance growth in the injection process: 1) an in- 
crease in horizontal divergence in the stripper magnet when H- is 
converted to Ho and 2) a large horizontal optics mismatch of the 
Ho beam to the PSR acceptance. 
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Fig. 5. Horizontal haloplate scan. 

A Gaussian fits the core of the beam but fails to fit the extremities. 
Stripping of the H- in a high magnetic field is a stochastic pro- 
cess which leads to random fluctuations in the point of conver- 
sion and thus an increase in Ho-beam divergence. Calculations 
of the angular distribution for a pencil beam of H- are shown 
in Fig. 6 for two different vertical entrance positions (y = 0 at 
midplane and y = -4 mm). The calculation used the measured 
field map of the stripper magnet and a parameterization of the 
H- lifetime from earlier Los Alamos work.3 Emittance growth in 
the stripper magnet is minimized by use of a small gap magnet 
with a high field gradient at the entrance and by optics which pro- 
duce a very small spot in both x and y at the stripper magnet. 
Even with this optimization the horizontal emittance of the Ho is 
three (3) times larger than that of the incoming H- beam. 

An optics mismatch at injection, shown in Fig. 7, is an addi- 
tional consequence of magnetic stripping. The H” is constrained 
to diverge from a small spot at the stripper magnet and cannot 
be matched simultaneously in the (X,X’) and (Y,Y’) planes at t.he 
standard location of the foil stripper where the Ho is reasonably 
well matched in (Y,Y’) but badly mismatched in the (X,X’) plane. 
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The mismatch factor, C = {POr~ + Floyd - 2a,a~}/2, (subscript 
o refers to Ho and R to the ring) has a value of 3.8 indicating a 
further increase of 3.8 in the rms emittance of the stored beam. 
The mismatch also changes the beam distribution; for a Gaussian 
I>eam injected on axis, one can easily obtain the following closed 
form for the distribution of the invariant betatron amplitude, y: 

P(y)dy = $ e *IO (& dn) y dy where co is the rms 

emittance of the incoming Ho beam and I, is a modified Bessel 
Function.* The rms emittance for this distribution is Ce,. This 
distribution has longer “tails” than a Gaussian with the same rms 
emittance, thereby increasing still further the size of the beam 
near the limiting apertures. The non-Gaussian tails are readily 
apparent at PSR in the halo-plate scan shown in Fig. 5 and 
in wire-scanner profiles of the extracted beam taken at the end 
of short (100 /_Ls) accumulation as shown in Fig. 8. The “mis- 
matched” Gaussian distribution derived from equation (1) fits the 
data very well whereas a Gaussian with the same rms width fits 
poorly, especially at large X. 
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Fig. 9. Emittance as a function of storage time. 

Results from the simulation and from solutions of the Fokker- 
Planck equation made using measured values of parameters in 
the models are compared in Fig. 10 with measured data on loss 
rates. The loss rates obtained using solutions of equation (2) were 
augmented with a constant term which takes account of nuclear 
scattering and large-angle single Coulomb scattering. Agreement 
between calculations and measurements are within the calibration 
uncertainties of the losses and the errors on parameters in the 
calculations. Losses are sensitive to several parameters includ- 
ing the mismatch factor, the Ho distribution, the probability for 
traversing the foil, and to the size of the limiting aperture. With 
small adjustments of parameters, within errors, both calculations 

call be made to agree completely with the loss-rate data. 
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Fig. 10. Loss-rate calculations and measurements. 

3.4 Effect of the RF Buncher 

An RF buncher is used to maintain an empty gap to accommo- 
date the extraction-kicker rise time. Synchrotron motion induced 
by the buncher increases the momentum spread to -0.3%; be- 
cause of dispersion the beam site increases by several mm and 
also contributes to beam losses. For long storage, this shows up as 
a striking modulation of the loss rate with a frequency twice that 
of the synchrotron oscillations as shown in Fig. 11. Losses are 
increased by about 45% when the RF is on at typical operating 
set points. 

3.5 Other Contributions 

Losses from nuclear scattering are readily estimated from the to- 
tal cross section as 3.3 x 10m6 per foil traversal. The contribution 
from large-angle single Coulomb scattering is often overlooked. 
Because the cross section falls off only as a power law, rather than 
as an exponential, it contributes a long tail to any beam distribu- 
tion. This was seen at PSR when the injection foil location was 
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Effect of RF buncher on loss rate. 

changed to provide a better match in the (X,X’) plane. The halo- 
plate scan of the beam distribution (after a short accumulation) 
plotted in Fig. 12 shows the expected reduction in size of the core 
of the beam. Also seen is a tail extending to the limiting aper- 
ture. The size and shape of the tail agrees with analytical and 
Monte Carlo calculations of the contribution from single Coulomb 
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Fig. 12. Evidence for single Coulomb scat,tering. 

scattering. At PSR large-angle Coulomb scattering contributes a 
loss rate of -2 x lo-’ per foil traversal for a 6 function initial 
distribution and more for a beam of finite emittance. 

3.0 Summary of Losses During Accumulation 

The composition of accumulation losses during standard operation 
of PSR. (375 ps injection period) can be determined from the data 
and analysis presented here. Results are listed below: 

“First-Turn” 0.2% 
Nuclear and Large-Angle Coulomb 0.2% 

Scattering 
Emittance Growth in Absence of RF 
Effect of RF 

0.6% 
0.5% 

Total 1.5% 

4. Upgrade of PSR to Reach lOOpA 

Increasing the operating current of PSR is a high priority goal for 
the Los Alamos National Laboratory. Management is committed 
to providing the upgrades needed to reach lOOpA with beam avail- 
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ability of 75% or more. Our present understanding of the causes 
and mechanisms of the slow losses has pointed to several promis- 
ing measures for significantly reducing or controlling the losses in 
the PSR. These are sketched below. 

4.1. Ring Halo Collimation System 

Initial design studies assumed that a collimation system would be 
used to control the location of losses in the ring but none were 
designed or implemented in the initial construction. Plans for ex- 
perimental st ucly of the problem last summer were preempted by 
the more urgent need to improve reliability. The basic idea is to 
make scrapeis or collimators the limiting apertures of the ring in 
such a way that the losses are moved from a critical component, 
such as the extraction septum, which is the present limiting aper- 
t,ure, to passive absorbers that are designed to deal with higher 
activation. These would be passive devices which would not need 
frequent service and would be located in less congested areas where 
activated components are more easily dealt with. 

The two basic concepts are illustrated in Fig. 13a and b. In one (a) 
a high 2, movable scraper, such as 10 nlm of tungsten, intercepts 
the beam halo and defines the limiting aperture. It is not thick 
enough to completely absorb the incident beam but scatters it by 
a relatively large amount so that most of the intercepted beam is 
caught by the downstream thick absorber, which is not a limiting 
aperture. A s~dl fraction (perhaps 10%) of the intercepted and 
scattered beam goes through the opening of the absorber and is 
caught on a “cleanup” absorber or is lost elsewhere in the ring. If 
much of the beam intercepted by the scraper is beam that would 
have been lost elsewhere, such as at the extraction septum, then 
this system would be effective in reducing the losses elsewhere in 
the ring. 

In the second concept (Fig. 13b), a moveable absorber also in- 
tercepts the beam halo and defines the limiting aperture. It is 
thick enough to absorb most of the incident beam. The difficulty 
with this concept is the “slit scattering” which occurs from t.he 
large surface of the moveable absorber struck by beam particles at 
grazing incidence. The amount of scattering and the fraction of 
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the scattered beam that spills elsewhere in the ring are not easily 
estimated. 

More detailed study of these options is needed to determine which 
is best0 for PSR. Performance of the first option is more readily 
estimated. It has the advantage that the large scattering angles 
spread out the heat load on the absorber such that it may not 
need water cooling. The small moving scraper is a simpler me- 
cbanical device that is lightweight and probably does not need 
wated cooling. Depending upon the amount of slit scattering, the 
second option may be more the efficient one in localizing the losses. 
However, it does have some disadvantages; the heat load is con- 
centrated near the inner surface of the moveable absorber and it 
may well need water cooling. A large, moveable, water-cooled ab- 
sorber is a complicated mechanical system that may require more 
frequent servicing, thus compromising the goal of containing the 
activation in highly reliable, passive devices that would seldom 
need servicing or removal. 
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4.2. Options for Improved Injection 

It is now clearly understood that the key to reducing losses is 
reducing the number of times a stored proton traverses the strip- 
ping foil. In the present operation the probability for a stored 
beam particle to traverse the foil is between 50 to 100% per turn. 
A major goal for the upgrade is reducing this to around 5% or 
less primarily by improving the injected beam tune (some times 
called “match” or “matching”), improving injection “painting” in 
transverse phase space, and increasing the horizontal aperture of 
the ring. 

4.2.1. Inrproved Painting in Phase Space 

Injection “Painting” refers to procedures such as fixed offsets or 
programmed bumps used to control the beam density or other 
aspects of the way injected beam fills the phase-space acceptance 
of a ring. It can be used to reduce the number of foil traversals by 
the stored beam. 

A fixed offset allows betatron motion to fill an interior region of 
phase space. A fixed vertical offset, which is depicted in Fig. 14, is 
presently in use at PSR. It was intended that the edge of the foil be 
on the vertical closed orbit of the ring and two standard deviations 
below the center of the Ho beam. This should result in a 50% 
probability per turn for the stored beam to intercept the foil. At 
PSR we have had, in the past, a good deal of uncertainty regarding 
the parameters of the Ho beam at the foil and thus the probability 
for the stored beam to hit the foil. With improved diagnostics and 
improved analysis procedures, we expected to resolve this issue in 
the coming running period. 

A programmed closed-orbit bump is essentially a way to introduce 
an offset that varies with time. It can be used to move the stored 
beam off the foil so that some of it will not be able to hit the foil 
thereafter. The time profile of the bump can be chosen to opti- 
mize the beam spatial distribution or the foil hitting probability. 
For a given acceptance, the use of optimized programmed bumps 
improves both the beam density distribution and the foil-hitting 
probability compared with a fixed offset. 
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Standard Ho injection at PSR 
with vertical offset. 

4.2.2. Improved Injected-Beam Tune 

From an examination of Fig. 14, it is obvious that the foil hitting 
probability can be reduced by changing the shape and orientation 
of the H” ellipse. Without changing the area of either the H” or H+ 
beam ellipses, and while changing only the shape to a narrower, 
upright ellipse, the foil-hitting probability can be reduced by a 
significant factor (~4) as illustrated in Fig. 1.5. Unfortunately, 
such a tune of the H” beam cannot be achieved with our system 
for generating Ho, given the location of the stripper magne.t and 
the injection foil. 
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Fig. 15. Offset injection with the Ho tune optimized 
to reduce foil traversals by the stored beam. 

4.2.3. Improved Injection Foils 

The carbon foils presently used at PSR are mounted on a C-shaped 
frame that supports the foil on three sides leaving a horizontal 
edge unsupported. The foil is positioned vertically to cover all of 
the vertically offset Ho beam but not all of the stored H+ beam. 
Thus, the foil covers the full horizontal aperture of the ring while 
in the vertical it covers less than the full aperture. An ideal foil 
for reducing losses would have a massless support with stripping 
material only in the region of the Ho beam spot. 

A number of suggestions have been made for improving the foil 
support in ways that should reduce the probability for the stored 
beam to hit the foil. Yamane’ at KEK has proposed “corner” foils 
for the JHF Compressor/Stretcher Ring. His foils have two unsup- 
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ported edges and can be positioned to cover an HO beam offset in 
both dimensions while intercepting less of the stored beam. He has 
successfully tested corner foils with a low-energy nitrogen beam. 
This is a promising development for PSR and we will collaborate 
with KEK on tests of corner foils and other improvements to Ho 
injection. 

Another concept being investigated at PSR is the use of very fine 
carbon filaments (4- to 5-microns diameter) to support carbon 
foils. This is work carried out in collaboration with a team from 
Westinghouse who have facilities at* Hanford, Washington to fab- 
ricate foils supported in this manner. We expect to test fiber- 
supported foils in the beam during the 1989 running period. 

4.2.4. Inlyroved Ho Injection 

The present method of injection using Ho can be improved using 
*the techniques described above. However, it is much more difficult 
to improve the Ho beam tune at the foil since it is not possible 
to focus a neutral beam. One can only manipulate the H- beam 
before it is converted to Ho or change the ring lattice so that 
the HS beam (ring ellipse) better “matches” the fixed Ho beam. 
The constraints at the stripper magnet with its small gap severely 
limit the tuning of H-. One can improve the match of Ho to 
the ring by moving the stripper foil to a location just upstream 
of the focusing quadrupole. Rotation of the stripper magnet, as 
proposed by Yamane,’ can also help. 

The important question is whether Ho injection can be improved 
sufficiently to meet our goal of rsducing losses by an order of mag- 
nitude. We expect to answer this question with further analysis 
and experiment this summer. 

4.2.6. Direct H- Injection 

Ho injection suffers from two disadvantages: (a) the growth of 
emittance (about a factor of 3 for PSR) in the bend plane of the 
stripper magnet and (b) lack of flexibility in tuning the beam for 
optimum beam parameters at the injection foil. A way around 
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both of these difficulties is to inject the H- beam directly. A 
scheme for doing this at PSR is shown in Figs. 16 and 17. The cur- 
rent in the two ring dipoles on either side of the injection straight 
section is reduced about 10% so that each bends the protons 3” 
less. The closed orbit of the stored beam is restored by the addi- 
tion of a low-field dipole which bends protons by 6”. The field of 
this dipole is about 3.8 kG, which is low enough to cause negligi- 
ble stripping of the H’ beam. An H- beam can be transported 
to enter the low-field dipole in such a way that the H- emerges 
from the dipole on top of and aligned with the stored H+ beam. 
A stripper foil to convert H- to H+ follows. Some Ho will emerge 

Fig. 10. Layout of PSR with direct H- injection. 
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Options which would provide the larger kick needed for full aper- 
ture extraction are under study. R & D on a ferrite kicker system 
is underway; a prototype pulser has been designed and is being 
fabricated at SAIC. The goal is a ferrite kicker system which pro- 
vides 18 mrad of kick from ferrite magnets which occupy only one 
section of the ring instead of two. With the larger kick one may 
also need to replace the dipole and quadrupole just downstream of 
the kicker with ones of larger aperture to insure that the extracted 
beam is not distorted by nonlinear fields. 

The larger aperture has two main advantages. The increased ac- 
ceptance can be used to make painting more effective in keeping 
the beam off the foil for either Ho injection or direct H- injection 
schemes. In the process of using the increased aperture to improve 
painting, the horizontal beam size will increase thereby reducing 
beam density and associated space-charge effects. 

4.4. Other Means of Reducing Losses 

Other methods to reduce losses include increasing the H- beam 
intensity from the linac and/or increasing beam brightness by re- 
ducing emittance and beam halos. Increased intensity will reduce 
losses by reducing the accumulation time, hence, the number of 
foil traversals needed to achieve a given average current from the 
ring. Reduced emittance increases the effectiveness of all injection 
painting methods in keeping the stored beam off the injection foil. 

Some efforts are underway to develop a higher intensity H- source. 
These are not considered part of the present upgrade, but, as 
longer range studies aimed at longer-range improvements. If ad- 
ditional reduction in losses is needed for the upgrade, these efforts 
might be accelerated. 

4.5. Improved Beam Diagnostics 

Good beam-diagnostic instrumentation is necessary for a variety of 
reasons. Reliable, accurate, and well-understood instruments are 
needed for precise control of high-intensity beams ancl for conduct,- 
ing an efficient operation. They are also essential tools for effective 
experimental studies of beam dynamics issues. The present beam- 
position monitor (BPM) system needs improvement; it is sensitive 
t,o only the 201-MHz component of the beam. This is suitable 
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for use in the transport lines from the linac and for sensing the 
freshly injected beam at PSR, but not for locating the stored beam 
in the ring or in the extraction line. The present BPM’s are also of 
limited use for studying broad-band phenomena such as the trans- 
verse instability. A program of BPM development is underway to 
develop instruments that satisfy these needs. 

Knowledge of the distribution of H- beam in transverse phase 
space is needed for careful setup of injection conditions. Present 
methods of reconstructing only the rms emittance are proving to 
be major limitations to a good optimization of injection parame- 
ters. It is likely that a slit and collector method will need to be 
implemented to directly measure the phase-space distributions. 

4.0. Role of the Transverse Instability 

A coherent trhnsverse instability has been seen at higher peak in- 
tensities at PSR. It is described in more detail e1sewhere.s It is 
generally believed that we can run at 3 x 10’3ppp without the 
need for new hardware, such as an active damper, to control the 
instability. Some experimental studies have shown more or less 
stable operation at up to 4 x 1013ppp using existing hardware to 
control the instability primarily by Landau damping. The tech- 
niques to enhance Landau damping, such as use of sextupoles and 
octupoles, generally increase the slow losses. In planning for the 
upgrade we assume that the instability is under control with the 
present hardware. However, more detailed experience with high 
peak currents is warranted and may change the present perception 
of the importance of the instability to the lOO-PA goal. 

4.7. Goals and Status of the Upgrade 

The goals of the upgrade are to develop and implement. changes to 
PSR which will result in reliable delivery of lOOpA at 20 Hz with 
beam availability greater than 75%. It is also a goal to complete 
the upgrade over the next three years and have it commissioned 
by the cud of 1991. Th e planning for the upgrade is at the stage 

where numerous options are still being studied and R&D work on 
certain issues is underway. The scope of the project is known but 
much work remains before all choices are finalized. A conservative 
plan would include collimation in the ring, direct H- injection, 
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increased aperture, and improved diagnostics carried as far as the 
present technologies permit. Budget realities cause us to seek the 
most cost-effective solution which meets our goals. 

5. Perspective on the Storage Ring Option 

Enough experience has been gathered from PSR to offer some per- 
spective on the storage- or compressor-ring option as the driver for 
an advanced neutron source. One must be careful to separate the 
generally applicable features of the experience from those which 
are due to local factors that are not particularly relevant elsewhere. 

5.1. Reliability 

Poor reliability has become a stronger issue at PSR than it should 
be in general for a dc storage ring. It reflects past budget, con- 
straints coupled with changing requirements for the ring. The so 
called “short-burst mode” was the technically more challenging 
problem that drove many choices. That mode was discontinued 
late in the construction after numerous choices had been made. 
There was not an opportunity to redo the optimization for the 
needs of the long-burst mode. 

Good reliability was never an articulated, high-priority design goal 
for the PSR. It was and is too easy to compromise reliability to 
reduce initial construction costs. To some extent this will always 
happen but if reliability is a high-priority goal it should be included 
in the basic design goals. 

5.2. Losses 

Losses are a difficult technical problem for most high-intensity pro- 
ton machines. There is a not a well-established theory for dealing 
with losses. Apart from the meson factories, there is not much 
experience to draw on. From the PSR experience, we can say that 
losses can be understood; but it requires careful, detailed work. 
We can also say that losses cannot be ignored; they, too, must be 
treated as a fundamental requirement in the design. 

5.3. Ho Injection 

With the benefit of hindsight, we would not recommend Ho injec- 
tion for a high-intensity accumulator or compressor ring. We do 
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llot imply that H” injection cannot work, but rather, that direct 
H- injection is better. It does not suffer the significant emittance 
growth inherent in the use of magnetic stripping and a charged 
beam is much more easily manipulated to meet the various re- 
quirements for an optimized tune at the stripper foil. 

5.4. Couclusions 

While there have been disappointments in the experience with 
PSR, they do not discredit the compressor-ring option as a driver 
for an advanced spallation neutron source. Compared to a ring 
that must accelerate as well as accumulate, the storage ring is 
intrinsically simpler. The one drawback is that injection losses in 
a storage ring, such as PSR, occur at the full energy rather than at 
a lower energy as is the case for a rapid cycling synchrotron typified 
by ISIS. One can tolerate and handle larger losses at lower energy. 

There are several promising options for reducing or controlling 
losses at PSR. We are confident that a subset of these will enable 
PSR to reach lOOpA at 20 Hz. We expect to report operation 
with enhanced reliability and good beam availability in 1989 and 
increasing currents thereafter. 
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Shielding concerns at a spallation source 
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ABSTRACT: Neutrons produced by 800-MeV proton reactions at the Los 
Alamos Neutron Scattering Center spallation neutron source cause a variety of 
challenging shielding problems. We identify several characteristics distinctly 
different from reactor shielding and compute the dose attenuation through an 
infinite slab/shield composed of iron (100 cm) and borated polyethylene 
(15 cm). Our calculations show that (for an incident spallation spectrum 
characteristic of neutrons leaking from a tungsten target at 90’) the dose 
through the shield is a complex mixture of neutrons and gamma rays. 
High-energy (> 20 MeV) neutron production from the target is ~5% of the 
total, yet causes ~68% of the dose at the shield surface. Primary low-energy 
(c 20 MeV) neutrons from the target contribute negligibly (~0.5%) to the 
dose at the shield surface yet cause gamma rays, which contribute s3 1% to the 
total dose at the shield surface. Low-energy neutrons from spallation reactions 
behave similarly to neutrons with a fission spectrum distribution. 

1. Introduction 

The Los Alamos Neutron Scattering Center (LANSCE)ttl uses 800-MeV protons 
from the Clinton P. Anderson Meson Physics Facility (LAMPF)t21 to produce 
neutrons for basic materials science and nuclear physics research.t31 Because it is a 
spallation source, LANSCE produces neutrons covering about 14 decades in energy 
(sub-meV to 800 MeV) and experiences shielding problems common to all such 
sources, but different from those of fission sources. We discuss the principles of 
spallation source shielding through a detailed calculation of a geometrically simple 
shield, and, using the same example, contrast spallation source spectrum problems 
with a fission spectrum neutron source. 

At Los Alamos, we have a powerful Monte Carlo computational capability 
applicable to spallation neutron source design.t41 We have used this computational 
tool for various LANSCE shield designs including: a) proton beam line; b) target; 
and c) neutron beam line and beam stop. 

2. Spallation Neutron Source Shielding Issues 

2.1 High-Energy Neutrons 

For spallation reactions, we divide energy into two regions: low-energy (c 20 MeV) 
and high-energy (> 20 MeV). Low-energy neutrons are basically produced in three 
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ways: a) directly from intranuclear cascade processes; b) by evaporation; and c) from 
fission. These low-energy neutrons are emitted “more-or-less” isotropically and cause 
shielding problems like those for fission reactors. High-energy neutrons, resulting 
from nucleon-nucleon reactions, have a strong angular dependence and cause unique 
shielding problems. At 0” to the proton beam, high-energy neutrons can have 
energies up to the incident proton energy. As the angle with respect to the proton 
beam increases, the high-energy neutron spectrum softens considerably. The 
presence of these high-energy neutrons and their strong 
angle-dependence are two reasons why shielding a spallation source 
is quite different than shielding a reactor source. 

2.2 Thin and Thick Targets 

On its way to LANSCE, the LAMPF proton beam can strike a variety of objects 
(targets), ranging from proton beam transport pipe and magnets to the LANSCE 
target itself. Each of these “sources” presents different neutron spectrum and 
intensity to an adjacent shield, causing the effectiveness of the shield to be 
significantly dependent on the spill point. 

For 800-MeV protons incident on stainless steel (one atom thick), the calculated 
double differential (energy and angle) neutron production spectra are illustrated in 
Fig. 1. One can see the strong angular dependence of the high-energy neutrons, but 
the low-energy neutrons are nearly isotropic. 
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Fig. 1. Calculated neutron production spectra for 800-MeV protons on 
stainless steel. 

For a thick target, both the shape and magnitude of the leakage neutron spectrum and 
the ratio of high-energy to low-energy neutrons can change dramatically from one 
target to another. The target itself “moderates”, “self-shields”, and “amplifies” the 
neutrons produced. The neutron spectrum (integrated over all angles) from a mild 
steel thick-target (50-cm-thick and 20-cm-d&n) is shown in Fig. 2. In contrast, the 



Spallation source shielding concerns 125 

equivalent spectrum from a thin-target (0.3~cm-thick and 20-cm-diam) of the same 
material is also shown in Fig.2. The dramatic difference (both in intensity and 
energy) between the two leakage spectra is evident. Agure 2 also gives the neutron 
spectrum from a 30-cm-thick and lo-cm-diam tungsten target (a typical LANSCE 
target). For this target, low-energy neutrons account for 95.3% of the total neutron 
production, and high-energy neutrons 4.7%. 

Energy (MeV) 

Fig. 2. Calculated neutron yields from thin and thick targets for 800-MeV 
protons. 

This is another reason why shielding a spallation source is more 
complex than shielding a reactor source: different leakage neutron 
spectra are produced depending upon whether the proton beam strikes 
a thin or thick target; neutron production is also material dependent. 

2.3 Thin and Thick Shields 

In a particular shielding application, the distinction between “thin” and “thick” 
shields can be important and may affect the applicability of simplistic formalisms for 
estimating the neutron doses at the shield surface. If primary low-energy neutrons 
contribute significantly (either directly or by producing gamma-rays) to the total dose 
at the outer shield surface, we define the shield to be thin. Two other components 
contributing to the neutron dose are: a) high-energy neutrons, and b) secondary low- 
energy (evaporation) neutrons produced by high-energy neutron interactions in the 
shield itself. These secondary low-energy neutrons are distributed throughout the 
shield, and arise from the disappearance (attenuation) of high-energy neutrons as they 
“penetrate” the shield. Both the high-energy and secondary low-energy neutrons 
produce gamma-rays, which also contribute to the total dose at the shield surface. 

This is another complexity arising in shielding a spallation source 
relative to a reactor source: when a shield attenuates high-energy 
neutrons, low-energy neutrons are produced, i.e., the shield itself 
becomes a neutron source. Depending on the application, the 
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high-energy neutrons plus progeny may dominate the dose at a 
shield surface. 

2.4 Flux-to-Dose Conversion Factors 

Another shielding complication has to do with flux-to-dose 
conversion factors for neutrons and gamma-rays. The flux required to 
produce one mrem per hour of dose is energy dependent as shown in Fig. 3.f5] It 
takes a flux of ~5.5 n/cm% of 100 MeV neutrons to produce 1 mrem/hr of dose, 
compared to a flux of ~220 n/cm2-s of 1 eV neutrons. At 1 MeV, it takes ~60 
times more gamma-ray flux than neutron flux to produce 1 mrem/hr. Thus, the 
energies of neutrons and gamma rays leaking through a shield can have profound 
effects on the total dose at the shield surface. The rapid change of the flux-to-dose 
conversion factors can cause significant errors in dose estimation, if the spectra are 
not well known. 

IE-9 ,E-6 lE-7 (E-6 IE-5 (E-4 IE-3 1E-2 IE-1 1 10 100 1000~ 

Energy (MeV) 

Fig. 3. Neutron and gamma-ray flux-to-dose conversions. 

2.5 Flux and Dose 

Neutron and gamma-ray fluxes are related to the physical number of neutrons and 
photons, respectively. Detectors used in LANSCE scientific instruments respond to 
flux; unwanted neutrons and gamma rays can cause background problems. However, 
these detectors are inside instrument shielding and their response includes the effects 
of the instrument shield on the incident neutrons and gamma rays. Dose, on the 
other hand, is also relevant because it is related to human biological response to 
radiation. 

Because flux-to-dose conversion factors are energy dependent, flux and dose are 
attenuated differently by a shield. When a shield “attenuates” low-energy neutrons, it 
moderates (slows down) the neutrons within the shield (decreasing the neutron dose) 
and captures neutrons and produces gamma rays. Whether attenuation of flux or dose 
dominates the criteria for a shield design depends on the particular shield application. 
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Flux is important when shielding detectors; dose is important when shielding people. 

2.6 Gamma Rays 

Biologically, we need to concern ourselves with the total dose (neutron plus gamma 
rays) at the shield surface. Detectors also respond to both neutrons and gamma-rays, 
therefore, gamma rays must be accounted for when designing detector shielding. All 
low-energy neutrons that do not undergo particle reactions, such as (n,xn), (n,p), etc., 
with nuclei are eventually captured in the shield or leak from it. In addition to 
capture and inelastic scattering gamma rays from low-energy neutron interactions, 
additional gamma rays are produced from the spallation process itself. These latter 
gamma rays may or may not be important in a particular shield application. 

We have identified another difference between spallation and fission 
source shielding to be an additional gamma-ray source from the 
spallation process itself. Depending on the application, one may need to 
account for all three neutron components (primary low-energy, primary high-energy, 
and secondary low-energy) plus gamma rays when designing a shield for a spallation 
neutron source. 

2.7 The Calculated High-Energy Neutron Source 

A complication in using calculated high-energy neutron spectra in shield design is the 
potential that the computed angle-dependent spectra are incorrect both in magnitude 
and shape compared to measured results. There have been both excellent agreement 
and major disagreement between measured and calculated double-differential 
high-energy neutron production. In general, calculations underpredict measured cross 
section values. Until these problems are resolved, one may (in some shield 
calculations) multiply the calculated high-energy neutron production by some factor 
to account for these uncertainties. Such a bias may be consequential when deciding 
the relative importance between primary and secondary low-energy neutrons in a 
particular shield design. 

3. LANSCE Shielding Concerns 

LANSCE shielding issues can be broadly summarized as follows: a) adequate 
definition of the neutron source; b) proton beam line; c) service cell; d) 
target/moderator/reflector; e) target area; f) neutron collimator; g) longitudinal neutron 
beam line; h) transverse neutron beam line; i) neutron instrument; and j) neutron 
beam stop. We have used our Monte Carlo code package to address many of these 
shielding concerns. 

4. Calculations for an Infinite Iron/Polyethylene Slab Shield 

4.1 Problem Definition 

To help understand the complexities of spallation source shielding, we chose a 
geometrically simple shield model (infinite slab). The shield (see Fig. 4) was 
composed of 100 cm of iron (mild steel) followed by 15 cm of berated polyethylene 
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(5 wt% natural boron) with a monodirectional point source of neutrons incident 
normal to the iron shield surface. The attendant neutron and gamma-ray progeny sum 
to give the total dose at various locations throughout the shield. By primary 
high-energy gamma rays, we mean those gamma rays produced by high-energy 
reactions. Secondary low-energy gamma rays result from secondary low-energy 
neutron interactions. These two gamma-ray components sum to give a segment we 
call spallation gamma rays. Primary low-energy neutron interactions produce 
primary low-energy gamma rays. No gamma rays were assmed incident on the 
shield. 

Leakage 

Prlnory HI-E Neutrons 

Prinory HI-E Gmna-Rays 

Secondary Lo-E Neutrons 

Secondary Lo-E tonno-Rays 

Prmry Lo-E Neutrons 

Prmry Lo-C Gonno-Rays 

~--Iron m--Borate-d Polyethylene 

Total 
Dose 

Fig. 4. Infinite slab shield mockup geometry. 

A unit source of spahation neutrons calculated at 90” to the axis of a lo-cm-cliam by 
30-cm-thick tungsten target (see Fig. 5) was used as the primary incident spalIation 
spectrum. In addition, we used a unit Watt fission spectrum, which is also depicted 
in Fig. 5. 

1 10 

Energy (MeV) 

Fig. 5. Unit source spectra used in shield calculations. 
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4.2 Results 

For the tungsten spallation neutron-spectrum in Fig. 5, primary low-energy _. . neutrons 
account for 95.3% of the total neutron leakage from the target; primary high-energy 
neutrons account for 4.7%. Using this spallation neutron spectrum, we show 
calculated neutron and gamma-ray doses throughout the shield and at the shield 
surfaces in Figs. 6 and 7. Secondary low-energy neutron production is depicted in 
Fig. 6. 
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Fig. 6. Relative neutron and total dose through the iron/polyethylene 
shield for an incident spallation spectrum. 

In Fig. 6, you can see the buildup of the secondary low-energy neutron dose as the 
high-energy neutrons are attenuated by the shield. The high-energy neutrons are 
attenuated very little by the polyethylene; secondary low-energy neutron production 
falls as well. At the outer surfaces of the iron shield low-energy neutron doses fall 
rapidly, due to neutron capture, enhanced moderation, and lack of isotropic reflection. 
The same arguments hold for the secondary low-energy neutrons; in addition, the 
source of these neutrons decreases rapidly. The doses at the shield surface are detailed 
in Table I. 

The gamma-ray dose is further illustrated in Fig. 7. Gamma-ray production starts to 
increase at the iron/polyethylene interface and continues into the ,first part of the 
polyethylene. This increase is caused by the removal of neutrons via neutron capture 
and inelastic processes showing why, for some materials, it is important to account 
for gamma rays as well as neutrons in shield designs. 

The effects of a unit Watt fission spectrum on neutron and gamma-ray doses for the 
same shield are shown in Fig. 8. A similar dose attenuation is observed here as for 
the primary low-energy neutrons in Fig. 6. At the shield surface in Fig. 8, the dose 
is essentially all caused by gamma rays. The complexity of spallation neutron 
source shielding compared to fission source shielding is seen in comparing Figs. 6 
and 8. 
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Table I. Doses at the Surface of a Fe/CHz (5% B) lOO/lS cm Shield 
% of Incident 

% of Neutrons 
Dose Type Total Dose (w @ 90°) 

Primary Hi-E Neutrons 43.0 4.7 
Secondary Lo-E Neutrons 12.8 
Gamma-Rays from Primary Hi-E and 

Secondary Lo-E Neutrons 11.4 
Subtotal 68.1 

Primary Lo-E Neutrons 0.5 95.3 
Gamma-Rays from Primary 

Lo-E Neutrons 31.4 
Subtotal 31.9 

Total 100.0 

0 10 20 30 40 50 60 70 80 90 100 110 120 

Shield Thickness (cm) 

Fig. 7. Relative gamma-ray and total dose through the iron/polyethylene 
shield for an incident spallation spectrum. 

Shielding calculations for spherical shields are underway.t61 One might expect 
spherical shields to behave neutronically different than infinite slab shields. One 
reason is that, for the infinite slab shield discussed here, z79% of the primary 
low-energy neutrons incident on the inner shield surface are removed by back 
scattering and do not contribute to the dose at the outer shield surface. For a 
spherical shield, these “albedo” neutrons are incident on the opposite side of the 
shield, and, consequently, have repeated opportunities to contribute to the dose at the 
outer shield surface. Thus, depending on shield particulars, primary low-energy 
neutrons can contribute significantly to the dose at the outer surface of a spherical 
shield. 
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Fig.8. Relative neutron and gamma-ray dose through 
iron/polyethylene shield for an incident Watt fission spectrum. 

5. Conclusions 

the 

A spallation neutron source presents more difficult shielding problems than those 
posed by a reactor source. We demonstrated the basic differences between the two and 
showed the increased complexity of spallation-source shielding through a calculation 
for an iron/polyethylene shield. This example illustrates basic shielding principles 
for a spallation source; the particulars depend on the specific shielding problem. 
Shielding a fission source is similar to shielding the primary low-energy neutrons at 
a spallation source. The incident neutron spectrum and the shield geometry, 
composition, and thickness determine whether high-energy or low-energy neutrons 
dominate the neutron dose at the shield surface, and the relative importance of gamma 
rays. 
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Target system materials and engineering problems 

W. E. Fischer 
Paul Scherrer Institute (PSI) 
CH-5232 Villigen 
swrIZE~AND 

1 INTRODUCTION 

As a model for our discussion we consider a spallation source which is 

fed by a high power proton beam of the order of one Megawatt (pulsed or 

continuous). Such a source will have roughly the following flux performance: 

i) pulsed #I,,, 2 1016n/cm2s 

ii) continuous 4 >_ 10’4nfcm2s 

The materials used for the target stations and particularly for the spallation 
target itself depend on the source concept we are aiming for - that is, 
whether the source is built for 

l pulsed 

l modulated 

0 or continuous operation 

The diff<rence of the materials used is mainly determined by the neutronics 

considerations. Depending on the choice of the materials for the target sys- 

tems, the characters of materials problems met, are of somewhat different 
nature. 

For spallation sources realized or planned up to now, the following choices 
for the target materials have been taken (or considered). 
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depl. Uranium 

\ 

Tantalum Lead 
Tungsten Bismuth 

PULSED SOURCE 

CONTINUOUS SOURCE 

MODULATED SOURCE 

In this paper we refrain from considering the booster-target concept. 

The typical materials problems for the engineering of the various spallation 

targets can be summarized as follows: 

Depl. Uranium - Heat density, Thermal stress 

- Phase transitions (temperature range) 

- Disturbance of material properties by radiation 

- Micro- and Macro-Cyclic Stress 

- Cladding 

Tantalum 

Tungsten - Heat density, Thermal Stresses 

- Disturbance of material properties by radiation 

- Micro- and Macro-Cyclic Stress 

- Cladding ? 

Lead 

Bismuth - Liquid target - Heat density 

We assume that for the case of a liquid target a target window is needed 

in any case - even e.g. if the proton beam is injected from above. Out- 

gassing of volatile spallation products at higher target temperature can not 

be avoided. Hence a seperation between target material, beam line - and 

accelerator - vacuum is necessary. 

The material problems for this target version become therefore the prob- 

lems for the 
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target window - Heat density, Thermal stress 

Disturbance of material properties by radiation 

Compatibility between liquid and solid metal 

Macro-Cyclic Stress 

We recognize that for each target version quite specific difficulties have to 
be overcome. On the other hand there is a whole set of problems which is 
common to all the target versions. 

These are: 

i) heat load in the region of proton beam interaction 

ii) Thermal stress and cycling 

iii) Radiation Damage 

2 POWER DENSITY IN TARGETS 

For the discussion of the heat load of the target we use the following semiem- 

pirical data: 

i) parameters of the proton beam 
The proton beam is characterized by the two parameters - total beam 

current (I,,) and a parameter for the beam width. For gaussian profiles 
we write 

dl IP 2 /=2 

f==e-r 
If a parabolic profile is assumed we use 

dI 24 7.2 
df=3 1-q 

[ I 

The maximal current density for the first case is given by 

1, 
j- = rr(.r2 

The same maximal current density is obtained for the second case if 

we put 
?‘s=vLr 

ii) power density in the material 

For the power density we use 

h(z) = o! - 

CE-j, 

1 - ezp(--X:R(E)) * e 
--L1z 
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iii) Neutron yield (non fissile) 

C = f ~6. 1O23 - (~&m-‘] total macroscopic cross section 

of protons with kinetic energy E 

in a material of density p 

and atomic number A 

R(E) = 233. p-l 2°.23 (E[GeV] - O.O32)‘.4 

This is the range of protons in this target material. The parameter Q: 

depends on the target geometry. (1 -(Y) expresses essentially that part 

of the energy which escapes the target as kinetic energy of secondary 

particles. From Monte Carlo investigations of the cascade processe 

we know that CY = 0.6 - 0.8; here we assume Q: = f_ 

Y = O.l(A + 20) (E[GeV] - 0.12) 

The contribution of fast fission in uranium targets depends rather 

strongly on the material distribution and the size of the target. We 

do not need it here. 

As a typical example we consider tungsten as target material (2 = 74, A = 184) 

Fh; a;a;;;; $$mprre;;;?,“f l GeV- 

p is here the effective density of the target material including the cooling 

medium. 

The yield is Y = 18; 

For a beam current density of 20 $$ (typical) the maximal heat load in a 

target plate becomes 

L,, = 1.42g 

These are the typical values which have to be considered. 

A comparison of the heat load with a beam-tube reactor 

The thermal flux in the reflector of a research reactor has the following 

property 

P is the total core power, A and V the core-surface and -volume resp. and 
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p the power density in the reactor core. 

The corresponding relationship for a spallation-source is very roughly 

Pp is the power of the proton beam and r the radius of the target. For 

pulsed sources 4 depends strongly on details of the geometry and materials 

used for the moderator. We have also to keep in mind that 4 is not the 

only figure of merit for a pulsed source. 

From these relations we conclude that 

9 

ii) 

the reactor design aims rather for high power density, then for high 

total power 

For a spallation source we essentially aim for high beam power. De- 

creasing the target size would increase the power density on a window 
s like p, - TZ 

The ProbIem of Power Density 

As general orientation we give here some data for a few prominent neutron 

sources (operational or planned) 

P[MW] V(active)[l] p[y] #&$J & per MW 

ILL 57 

Oak Ridge 270 

SINQ 

i 

35 1.6 1.5 .1015 2.6 .10r3 

35 8.6 1o16 3.7 -1013 

1 -3 0.33 1.5 *1014 1.5 *lox4 

From these numbers it is evident that SINQ has a very high “neutronic 

efliciency” . In an attempt to push this type of source towards higher flux 

the average power density will not be the main problem. This favorite 

situation is caused by: 

i) the low power deposition per neutron produced by the spallation re- 

action - 55 e as compared to 140 y in a fission reactor 

ii) the compact target 
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iii) virtual absence of flux depression 

However, if we want to achieve a flux of e.g. 5 - lo”& we have to feed a 

SINQ-type source with a beam current of Jp N 30 mA, leading to a current 

density of 400% from the proton beam. The power density in a stationary 

target-window or-plate becomes larger then 2Oy. Hence a moving target 

including target-window seems to be unavoidable. 

We admit that for a pulsed source the peak flux &,, is for a large class 

of experiments equivalent to the continuous flux 4 of a steady source. The 

IPNS II proposal [l] considers a pulsed proton beam (60 Hz) with a current 

of I, = 500 PA at an energy of 800 MeV. With an uranium target the system 

could provide a peak flux of 1016-& with a time average of 1.8. 1013-&. 

The power density in the first target plate would be p,, ZJ 2s(2”“a”I). 

This is comparable to the power density in the ILL-reactor and therefore 

does not seem to be unfeasible. However, in view of the thermal cycling 

problems and the radiation damage due to the high energy proton beam, we 

may have some doubt concerning a sufficiently long lifetime of this target. 

3 RADIATION DAMAGE 

Radiation damage is certainly one of the main causes limiting the lifetime 

of a target and the structure material in its vicinity. Although the damage 

produced by the radiation field escaping the target has to be considered 

the most severe effect is produced by the proton beam in the material 

exposed to it. While the heat load relative to the neutron source strength 

in a spallation environment is lower than in a fission reactor, radiation 

damage effects might be more severe in a spallation neutron source due to 

the presence of high energy particles. 

An estimate for the number of displacements in the materials is given by 

. (J .1(-j-2’ 

ED and Ed are the damage and displacement energies, 77 = 0.8 is the collision 

efficiency factor and 4 the particle flux [cme2 - se’]. For the damage rate 

due to the proton beam we can write accordingly 

= 3.26. lo6 < uED > -I(mA) 

Ed-D2 

where D is the beam diameter. 
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An idea about the gas production - for our case He and H have the main 

significance - can be obtained by 

p = 0. cp. 1p = 
7.95 - 1o-3 + CT - I(mA) 

02 

The relevant parameters for a proton energy of 800 MeV for a few materials 

are given in the following table 

(ab)[b - kev] J%dev] CH$] uH[b] 

Al 63 40 0.21 0.86 

Steel 300 40 0.32 2.52 

cu 330 30 0.40 2.58 

MO 900 58 0.58 4.00 

W 1430 65 0.58 5.13 

Let us now estimate the expected damage in a window or a first target 

plate after a running time of 6000 hours. We assume a maximal current 

density in the proton beam of 205. This corresponds to the operation 

conditions of one year at SINQ. 

Material dpa He(appm) H(appm) 

Window: steel 8 820 6500 

tungsten 24 1500 I3200 

For material in the immediate vicinity of the spallation-target, exposed to 

the secondary radiation field but not to the proton beam, we obtain: 

Material dpa He(appm) H(appm) 

steel 0.9 6 31 

aluminium 0.2 4 11 

The numbers of this table have been extracted from actual measurements 

of the He-gas production in test samples in the TRIUMF-neutron station 

[2] and from Monte-Carlo calculations [3]. 

We are now confronted with the everlasting question: What do these num- 

bers tell us about the actual macroscopic properties of the material? 
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The only statement we can make aJ this place is the following (optimistic 

version): If the window lasts safely for one operational year, the structure 

material in the vicinity should have a lifetime of more then ten years. 

In order to obtain quantitative information about the behaviour of the ir- 

radiated material experimental tests of the macroscopic material properties 

are needed. There is no other choice today. Such an attempt is shown in 

the following. 

This data was taken at LANL for a window-material test for the SINQ- 

target [4]. The irradiation was made at samples which were in contact with 

molten Pb/Bi - the SINQ t ar e material - in order to search for corrosion g t 

effects. The samples were irradiated by the proton beam up to estimated 

damage parameters: 

S = 1.7 dpa PHe = 173 appm PH = 1360 appm 

The performance of Fe, Ta and the steels Fe - 2.25 Cr - 1 MO, Fe - 12 Cr - 

1 MO (HT9) are shown in Fig. 1 - 3. As rather expected, the pure metals 

lose their ductility, while the steel samples perform well. These type of 

steel is therefore a genuine candidate for the target-window and -container 

material. Further testes, up to higher radiation damage are however in 

preparation. 

Investigation about swelling of irradiated materials has mainly be done 

in reactors. This radiation environment. leads mainly to dpa-dominated 

swelling. Its onset starts for steels between 20 - 30 dpa. Due to the presence 

of high energy particles in the radiation field of spallation targets, material 

test with high g- ratio are more relevant. Useful data is still rather rare. 

Much information about the damage problems of uranium targets could be 

gathered from the operational experience of the ISIS-target. Two targets 

have been used up to end of life and subsequently analysed. These matters 

are discussed elsewhere at this conference [5]- we hence restrain from any 

further discussion. 

4 THERMAL STRESSES 

As a reference case for our discussion we assume a plate irradiated by a 

proton beam whose power deposition is given as discussed in chapter 2. 

The cooling medium is assumed to cover either 

i) the front- and back side of the plate (possibly also the periphery) as 

a model for a target plate - or 
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Fig. 1 Stress-strain behavior of pure iron after irradiation with 800~MeV protons. 
Low fluence: 4.8 x 10lg p/cm2; High fluence: 5.4 x 1020 p/cm2; Sample temperature 
was 4OOOC. 
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Fig. 2 Same as Fig. 1. Material: tantalum. 
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Fig. 3 Same as Fig. 1. Material: Fe - 12 Cr - 1 MO steel. 

ii) the back-side only as a model for a target window 

Depending on the plate thickness, the temperature of the cooling medium 

and the heat-transfer from the plate to the cooling medium, we obtain 

temperature gradients in the plate, which may lead to considerable ther- 

mal stresses. 

Furthermore, for a pulsed source the thermal stresses are not stationary - 

they follow “micro-cycles” corresponding to the pulse-sequences of the pro- 

ton beam. An other source for non stationary loads is the “macro-cycling” 

due to instabilities in the operation of the accelerator. As a consequence the 

target material deteriorates due to thermal cycling growth. This effect is 

particularly strong in materials which go through phase transitions within 

the temperature range covered during a cycle (e.g. uranium). Synergetic 

effects with swelling due to gaseous fission - and spallation-products as well 

as He-gas production have to be taken into consideration also. 

In principle the thermal stress is determined by 

l symmetry properties and kinematics 

l Hook’s law 
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l equilibrium conditions 

if the temperature distribution in the material is known. For a cylindrical 

plate we obtain 

E is Young’s modulus, Y the Poisson contraction ratio and p the parameter 

for thermal expansion. R is the radius of the plate. 

The problem can be solved either by 

the powerful method of finite elements for more complicated geometries 

or under certain circumstances even analytically; e.g. in the present case the 

transversal problem, layer by layer in z-dimension. The T(r) - distribution 
is then given by a Fourier-Bessel serie [S]. If T(r) is not too narrow, that is 
the proton beam is sufficiently broad, one to two terms are sufficient for a 
1 % precision. 

As typical examples we show here data from the 

l LANCE II, W-target [7] 

l SINQ, window [6] 

l IPNS II, U-target PI 

LANCE II, Fig. 4 - 6 

beam power 1 MWatt 

target plate: diameter 10 cm, thickness 1 cm 

heat transfer to cooling medium is 1.4 9 “C. 

The maximal temperature in the center of the target plate is 900°C. The 
stress distribution contains components reaching values up to 5500 &$ (550 
MPa). These correspond to 70 % of the tensile yields of the material. 

SINQ Fig. 7 - 8 
beam power 0.9 MWatt 
target plate: diameter 16 cm, thickness 0.6 cm 
heat transfer to the cooling medium on one side of the plate 
(window) is assumed to be 3.9 9 [8]. This performance 

is based on model measurements. 
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AHF,SPALLRTION NEUTRON TRRGET,GI,l MICROSEC PULSES 

Fig. 4 Temperature distribution in a tungsten target plate for a beam power of 
1 MWatt. Cooling is on both plate sides with 1.4 W/cm2 ‘C. 

i 
5 u.“, 

> 

fih~,SP~LLATION NEUTRON TARGET,td,l MICROSEC PULSES 

Fig. 5 Stress distribution for the same target plate as Fig. 4. 
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Fig. 6 Thermal cycling of the maximal von Mises-stress (a measure for yielding) due 
to the pulsed proton beam. 
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Fig. 7 Longitudinal temperature--and stress-distribution in a tungsten plate cooled 
at one side only. Heating is with a proton beam of 600-MeV energy and a current of 
1.5 mA. Heat transition at the cooled surface is 3.9 W/cm2 ‘C. 
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Fig. 8 Radial temperature--and stress distribution at the cooled back side of the 
tungsten plate due to a proton beam of 600~MeV energy and a current of 1.5 mA. The 
radial beam profile is a Gaussian with IS = 5 cm. 

Due to the relatively large beam diameter (10 cm) the maximal current- 

density on the plate is 20 5. The corresponding maximal temperature 

becomes 380 “C. The stress distribution reaches -1100 2 (radial and tan- 

gential compression) at the front of the plate and 1630 3 at the back 

(tensile) 

IPNS II Fig. 9 - 11 

beam power 400 kWatt 

parabolic beam profile, truncated at 3 cm radius 

The performance of the plate cooling has to be such, 

to keep the maximal temperature of the (U - 10 % W) 

plate below 400 “C. 

k&T = h(Tm - T.,l) 
W 

h = 15.25- 
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Fig. 9 lsostress lines for the radial and longitudinal stress distribution in a uranium- 
molybdenum disk. Beam power is 0.4 MWatt. 

The cooling medium would be Na - K. 

The result is a maximal temperature of 360 “C. The stress distribution 

contains radial and tangential compression of -2800 3 in the center and 
a tensile stress of +2800 3 at the back- and frontside of the plate. 

While these stresses are well within the yield of the U - 10 % W-target 

material, they exceed at r N 0 cm the yield of the Zirkaloy cladding. In view 

of the experience with the ISIS-target concerning swelling due to thermal 
cycling, this case seems to us at the ultimate limit of feasibility. 

5 CONCLUSIONS 

We tried to discuss the common problems of target design. 

l power load 

l radiation damage 

l thermal stress 

While each of these problems may find a more or less simple solution, the 

challenge for the engineers starts with the attempt to solve these problems 
simultanuousiy. The following kind of dialectics has then to be considered. 
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Thermal stress along axial elements of Zirkaloy-clad uranium-molybdenum 

Temperature limits can always be taken into consideration but 

Strong dilution of the heavy target material by cooling media ha to 

be avoided 

l Uranium is concerning the neutronics a favorite material, but 

l Uranium leads to high heat load and has to be operated at very low 
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COMPRESSIVE PULSE 
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I c, 
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Fig. 11 Oscillation range of the axial thermal stress due to pulsation of the proton 
beam in the uranium-molybdenum target plate. In the center of the plate the fatigue 
limit is exceeded in the tensile phase of the pulse. 

termperature (< 400 “C) since it has the most miserable material 

properties of all given candidates 

or 

l (Nearly) all problems can be avoided with the choice of the concept 

of a liquid metal target, but 

l A beam entrance window is needed 
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This dialectic becomes even more nasty, when considering radiation dam- 

age as well. Even if a solution has been found, the next question which 

comes up is: How long does it last? 

The material properties change with operation time due to the influence of 

radiation damage. How does it? 

This depends strongly on the solution chosen to solve the problems con- 

cerning power load and thermal stress. 

We have shown that solutions to the whole package of problems up to a 

beam power of 0 (1 MWatt) h ave been found. But what next? 

e.g. 0 (10 MWatt) 

The whole effort concentrates onto the region of the first few centimeters 

of beam penetration into the target. Two solutions have been proposed: 

i> 

ii) 

Keep the power of the proton beam limited and produce the neutrons 

elsewhere in the target. This is probably the only argument for a (high 

intensity) booster. 

Dilute the power by moving mechanically the target and the window. 

This proposal has been worked out in considerable detail for the late 

SNQ-project. If higher power sources turn out to be the way to go, 

this version should ultimatly be taken up again. 
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This part of the development was considerably more complex than the earlier 

steps. Instead of directly computing the differential cross section c(E-+E’,fb) from 

a (comparatively) simple formula, it became necessary to compute the scattering 

law S((Y,/~) in the Evaluated Nuclear Data Files (ENDF) format and feed it into 

the THERMR module of NJOY. Our initial results with the LEAP code were so 

encouraging, that we decided to use it as the basis for a new LEAPR module for 

the NJOY system. This involved modifying the code for consistency with NJOY 

standards, making some “improvements”, and doing a careful study of the theory of 

the method. The result is a new general purpose code for producing scattering law 

files in ENDF-6 format6 for both cold moderators and normal reactor moderators. 

The final step in this long history was to make use of the knowledge gained 

from the liquid methane model and the LEAPR code to improve the data for liquid 

hydrogen and deuterium. The Young and Koppel model assumed that the molec- 

ular translations were free, but a number of experimental studies have shown the 

presence of quasi-elastic scattering that appears to obey a diffusive law. Following 

the procedures outlined by Keinert and %x,7 we replaced the free-gas law in the 

Young and Koppel formula with a new scattering law that attempts to represent 

the hindered motions of each hydrogen or deuterium molecule in its clump of local 

neighbors and the diffusive motions of these clumps through the liquid. Because 

of spin correlations, it was necessary to extend the ENDF-6 format and the NJOY 

code to handle asymmetric scattering laws, that is s(~~,p)#S(o, -/3). 

In the rest of this paper, we will give a short review of the theory of the LEAPR 

module of NJOY, and then describe the actual models used for solid methane, 

liquid methane, liquid hydrogen, and liquid deuterium. 

LEAPR THEORY 

The British code LEAPSADDELT was originally written by McLatchie at 

Harwell,’ then implemented by Butland at Winfrith, g and finally modified to work 

better for cold moderators as part of the Ph.D. thesis of D. J. Picton. The major 

modifications made while turning LEAP+ADDELT into LEAPR were extensive 

reworking of the coding and comments, the provision of output in ENDF-6 format, 

a capability to include either coherent or incoherent elastic scattering, a significant 

speedup for the diffusion calculation, and the liquid hydrogen/deuterium model. 

In many practical moderator materials, the presence of some essential random- 

ness (such as of position, spin orientation, isotopic content, or crystallite orienta- 
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tion) allows scattering of thermal neutrons to be described as “incoherent”. It is 

shown in standard references 10 that the double differential scattering cross sec- 

tion of thermal neutrons by gases, liquids, or solids consisting of randomly ordered 

crystals can be written as 

a(E-+E’,p) = g J 5 e+12 S(q/3), (1) 

where E and E’ are the incident and secondary neutron energies in the laboratory 

system, 1-1 is the cosine of the scattering angle in the laboratory, ~b is the charac- 

teristic bound scattering cross section for the material, kT is the thermal energy in 

eV, and 5” is the scattering law. The scattering law depends on only two variables: 

the momentum transfer 

(Y= 
E’+E-2di%?p 

AkT 9 (2) 

where A is the ratio of scatterer mass to the neutron mass, and the energy transfer 

Note that /3 is positive for energy gain and negative for energy loss. Except in the 

case of the hydrogen molecule, S is symmetric in p and only the part for positive 

values is tabulated in the ENDF format. 

It turns out that the scatterjng law depends on the frequency spectrum of 

excitations in the system. In general, this spectrum can be expressed as a weighted 

sum of a number of simple spectra, 

P(P) = 5 WjPj(P), (4 
j=l 

where some of the possibilities are: 

pj(P) = 6(@j) discrete oscillator 

pj(P) = pf(P) free translation’ 

pj(P) = pS(p) solid-type spectrum 

pj(P) = p&?) diffusion-type spectrum 

(5) 

(6) 

(7) 

(8) 

The weights sum to one, and all the individual distributions are normalized. The 

net scattering law for this sum of spectra can be expressed as a recursion based 
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on convolutions: 

s(o,p) = S(“)(a,/3), (9) 

where 

S(J)(cr$) = Jrn SJ(Q’) S(J-‘)(a,P-/3’)dp’. (10) -CO 
where SJ is the scattering law for partial spectrum J, and S(J-‘) is the composite 

scattering law including all partial distributions with j<J. As an example of 

the use of this recursive procedure, consider a case like solid methane where the 

desired spectrum is a combination of ps and several discrete oscillators. First 

calculate S(l)=& using ps. Then calculate S, using p(/?r), the distribution for the 

first discrete oscillator, and convolve Sz with S’(r) to obtain St2), the composite 

scattering law for the first two partial distributions. Repeat the process with the 

rest of the discrete oscillators, one at a time, to obtain the full distribution. 

The Phonon Expansion 

The two main methods available for computing the scattering law for solid- 

type spectra are the time integration of the intermediate scattering function used 

by GASKETll and the phonon expansion used by LEAP. Our tests indicate that 

the LEAP method is faster and more stable, especially for the very high values 

of a and p found in low-temperature problems. Therefore, we decided to use the 

phonon expansion for our new thermal module. The resulting formula for S,(Q, p) 

is 

SJo,P) = e-oX 2 -$ k@ T,(P), 
n=O 

where 

x= O” 
I 

_-oo p,(P) ewP12 @ 

is the Debye-Wailer factor, 

(11) 

(12) 

B= 
J 
O” ps(P>4A 

--oo 

is a constant, 

and in general, 

(13) 

(14) 

(15) 

(16) 
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In these formulas. 

(17) 

The coefficients are precomputed using this convolution process for IL up through 

20. It is then a simple process to compute S for any desired value of (I or /? using 

eq.( 11). For high values of cy and p the sum may not converge adequately with 

only 20 terms. It is then possible to extend the sum to higher values of n using an 

approximation for the Tn, or the code can choose to use the “Short Collision Time” 

(SCT) approximation. We are still exploring the various strategies for making use 

of these approximations. 

Diffusion 

The neutron scattering from many important liquids, including water and liquid 

methane, can be represented using a solid-type spectrum of rotational and vibra- 

tional modes combined with a diffusion term. Egelstaff and Schofield have pro- 

posed an especially simple model for diffusion called the “effective width model.” 

It has the advantage of having analytic forms for both Sd(o,/3) and the associated 

spectrum p&3): 

and 

/‘d(P) = $/G sinh(/3/2) ICI{ d=P}. 

(18) 

(19) 

In these equations, Kr(x) is a modified Bessel function of the second hind, and 

the diffusion constant c and parameter d (usually wdc) are provided as inputs. 

In LEAPR, S,(c~,p), the scattering law for the solid-type modes, is calculated 

using the phonon expansion as described above. The diffusive contribution sd((Y, p) 

is then calculated using the formula above on a /? grid chosen to represent its shape 

fairly well. The combined scattering law is then obtained by convolution as follows: 

(20) 
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The first term arises from the delta function in eq.(ll), which isn’t included in 

the numerical results for the phonon series calculation. The values for S@) and 

S,(p-p’) are obtained from the precomputed functions by interpolation. This 

makes LEAPR run much faster than LEAP+ADDELT for diffusive cases, because 

the original code did direct recalculations of the solid-type scattering law for all 

the desired values of p-p’. It also had to take pains to compute Sd on a ,0 grid 

that was commensurate with the input grid. This often resulted in more points 

for Sd than were necessary to obtain useful accuracy for the convolutions. 

Discrete Oscillators 

The scattering law for a discrete oscillator term wiS(/3i) is known to be 

WiCY 

11=_-03 /3; sinh(&/Z) s(p-‘npi)’ > (21) 

where 
x = w. coth(Pi/2) 

i t 
Pi ’ 

(22) 

and I=(x) is a modified Bessel function of the first kind and n-th order. As discussed 

in connection with eq.(lO), the net S(CX,,~) f or a complex distribution consisting 

of a smooth part and several discrete oscillators is obtained by convolving each 

oscillator in turn with the S(a,,8) resulting from all the previous parts of the 

distribution. The b-function makes the convolution trivial. 

A variation of this procedure used for liquid hydrogen and deuterium will be 

discussed below. 

ENDF-6 Output 

The Evaluated Nuclear Data Files (ENDF) f ormat originated in the U. S., but 

it is now being used throughout the world. Thermal data is recorded in “File 7”, 

and the new ENDF-6 version of the File 7 format is capable of representing the 

following types of data. 

l Incoherent Inelastic. This type is important for all materials, and it requires 

S(CY,~) vs T and some auxiliary information such as bound scattering cross 

section and effective temperatures. 

l Coherent Elastic. This type is important for crystalline materials like graphite 

and beryllium, and it requires information on the position and strengths of 
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the Bragg edges, a characteristic coherent cross section, and a Debye-Wailer 

function. 

l Incoherent Elastic. This type is important for hydrogenous solids like polyethy- 

lene, zirconium hydride, and solid methane, and it requires a characteristic 

cross section plus a Debye-Wailer function. 

The calculation of S(o,/?) was described above. The ENDF output subroutine 

of LEAPR simply stores it in the correct format. Effective temperatures for the 

ENDF Short-Collision-Time approximation can be determined from integrals per- 

formed by LEAPR, and they are also added to the file. 

Coherent elastic parameters can be computed for the three materials graphite, 

beryllium, and beryllium oxide using methods based on the HEXSCAT code.12 

The Debye-Waller function needed to determine the temperature dependence of 

coherent elastic scattering is obtained from the LEAPR calculation of S(o,/?) for 

the material. Similarly, the Debye-Waller function for incoherent elastic scattering 

in hydrogenous materials is obtained from the LEAPR calculation of the inelastic 

scattering law for that material. 

The speed and simplicity of the LEAP method for computing S(o,p) combined 

with the comprehensive capabilities of the ENDF output routine make LEAPR a 

very useful module for all problems involving thermal neutron scattering. 

SOLID METHANE 

The methane molecule consists of an atom of carbon surrounded by four atoms 

of hydrogen placed on the corners of a tetrahedron. The carbon atom is at the 

center of mass of the system; because of its symmetry, the methane molecule is 

often called a “spherical top”. Optical measurements of methane in the gas phase 

show four fairly well defined vibrational modes at 162, 190, 361, and 374 meV. 

Following the lead of Picton, they have been included in this model as discrete 

oscillators with weights equal to .308, .186, .042, and .144, respectively. 

Specific heat measurements in solid methane near one atmosphere show three 

phases with transitions at 8K and 20.4K. The melting point is about S9K. X- 

ray measurements show that the carbon atoms are arranged on an fee Iattice for 

both of the higher two phases; it has been speculated that the phase transition 

is due to a change in the degree of rotational order, or perhaps due to the onset 

of a self-diffusion behavior. Because of this interesting question, a series of slow 
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neutron inelastic scattering experiments were carried out with samples in each 

of the phases.13 Because hydrogen is an incoherent scatterer, it was possible to 

analyze the data to obtain a frequency spectrum for hydrogen in solid methane. 

The results didn’t really explain what was happening in the 20K phase transition, 

but they did provide us with just the data needed for our calculation. 

Again following Picton, we chose the spectrum for 22.1K for our model. Instead 

of using Picton’s numbers directly, we digitized the curve from the graph in the 

reference, plotted it on a large scale, and then smoothed it by hand. Care was 

taken to use an w2 variation for low energies. The resulting spectrum is shown in 

Figure 1. As discussed by Harker and Brugger, the appropriate normalization for 

this curve is 0.32. 

I I I 

10.0 15.0 20.0 

E (me\? 

I- 
25. .O 

Figure 1: The Harker-Brugger frequency spectrum used for solid 
methane. Note the quadratic shape at low energies. 

This spectrum and the four discrete oscillators were then used to calculate 

S(cr,p) with LEAPR using the cr and p grids of Picton. During this calculation, 

the moments of T,, and S(o,p) were checked and the errors were modest. The 

output listing was examined carefully to see that the CY and p ranges were sufli- 

cient, and no obvious problems were found. LEAPR automatically prepared an 

output file in ENDF-6 format, including both incoherent elastic and incoherent in- 

elastic representations, and complete with descriptive comments on the resulting 

evaluation. Plots of S(cr, p) versus cr for several values of /3 are give in Figure 2. 
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Figure 2: S(a,p) for solid methane shown as a function of CY for several 
values of ,L?. 

Next, the new evaluation for S(CX,@) was processed into integrated cross sec- 

tions and double differential cross sections using the THERMR module of NJOY. 

It was necessary to slightly modify the code to allow for the very large values of p 

appropriate to these low temperatures (note that p is inversely proportional to kT 

for a given energy transfer); it is necessary to keep values of S as small as 1~10-~ 

for this evaluation. This is quite a dynamic range! Plots of the integrated cross 

sections for the elastic and inelastic processes are given in Figure 3, and plots of 

the outgoing neutron spectrum integrated over angle at several incident energies 

are given in Figure 4. 

Finally, the output of THERMR was passed to the ACER module of NJOY 

for conversion to ACE format for the MCNP Continuous-Energy Monte-Carlo 

code. The result of this step was made available to Group X-G for addition to the 

standard MCNP thermal library. 
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Figure 3: Incoherent inelastic cross section (solid) and incoherent elastic 
cross section (dashed) for solid methane. 

’ “““” ’ “““” ’ ’ “““’ ’ ’ “““’ ’ ’ ““’ 

Figure 4: Neutron spectra a(E-+E') for solid methane shown for 
E =O.OOOl, -0253, and .503 eV. 
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LIQUID METHANE 

The preparation of a model for liquid methane at 90K was a little more diflicult. 

Once again, we use the four discrete oscillators to represent the the molecular 

vibrations. In addition, we need a continuous frequency distribution to represent 

the mo!ecular rotations, and a pair of parameters d and c to represent diffusion. 

This latter component was omitted from Picton’s model, but we felt that it might 

be needed to obtain a reasonable quasi-elastic peak in the spectrum of scattered 

neutrons. Therefore, we couldn’t use the Picton input directly, and we had to refer 

to his source.14 Agrawal and Yip divided the problem into two parts: translations 

and rotations. 

For translations, they proposed a model that matches the expected diffusive 

behavior at long times and provides an oscillatory behavior at short times. Each 

methane molecule is assumed to move in a “cage” formed by its neighbors, and 

the cage itself is allowed to relax with time. As Agrawal and Yip point out, the 

molecule will oscillate initially, but gradually as the restoring forces decay into a 

frictional background, it will go over into diffusive motions. The resulting analytic 
expression for the frequency spectrum is 

(-+I 

fdw) = f “2 - 4)” + (w/7.o)2 * (23) 

The fact that j(w) is nonzero at w=O indicates that the molecules are capable of 

diffusion. 

For rotations, they establish that the rotational excitations are related to the 

“dipole correlation function”. The same function appears in the classical limit of 

the theory of optical line shapes for infrared absorption as presented by Gordon,15 

and he has used this method to compute the correlation function for liquid methane 

at 98K based on the infrared data of Ewing. l6 The desired spectrum of rotational 

excitations, pi.(w) can be obtained by transforming the function graphed by Gor- 

don. 

The net result is shown in Figure 5, together with the translational frequency 

distribution discussed above. These numbers were generated by digitizing the 

curve from Agrawal and Yip. The fact that the distribution is nonzero at zero 

energy transfer indicates that diffusion is present. Agrawal and Yip compared 



168 CoM moderator scattering kernels 

their model with both double-differential and integrated cross sections, with very 

good agreement. 

Unfortunately, this model does not match the requirements of LEAPR. The 

only type of frequency distribution that is nonzero at w=O that can be used by the 

code is the diffusive law of Egelstaff and Schofield, which does not have the short- 

time oscillatory behavior of eq.(23). Our main reason for using the diffusion term 

in our model for liquid methane was to improve the “quasi-elastic” peak, which 

depends mostly on the small-w part of the frequency distribution. Therefore, it 

seemed reasonable to select diffusion parameters d and c that gave a reasonable 

representation for the full width at half maximum of the quasi-elastic peak, to 

subtract the result fd from the sum of the two curves shown in Figure 5, and to 

use the difference to represent both the translational oscillatory modes and the 

rotational modes. Figure 6 shows this breakdown. Once again, there has been 

some hand smoothing, and the low energy part of the distribution was forced to 

follow an o2 law. The final breakdown was 1.5% diffusion, 30.5% rotation, and 

68% molecular vibrations. 

LEAPR was run with this input taking advantage of the much accelerated 

diffusion calculation discussed above. Once again the moments of T, and S(p) 

were checked, and no great problems were seen. These checks help to prove that 

the w grid for the input frequency spectrum and the /3 grid for calculating S are 

reasonable. We also checked the range of CY and ,4 to be sure that no significant 

cross section contributions were being cut off. The results seem to be good for all 

energy transfers possible with incident neutron energies up to 1 eV. Once again, 

LEAPR produced an output file in ENDF-6 format. This time, there was no elastic 

contribution at all. Plots of S(cy,p) versus CY for several values of /? are shown in 

Figure 7. Note that the behavior of the curves for small p is quite different than 

in Figure 2. This reflects the presence of the diffusive component. 

The new evaluation for liquid methane was run through the THERMR module 

of NJOY to produce integrated and differential cross sections. Sample results 

are given in Figures 8 and 9. The integrated cross section is compared with 

experimental data at 1lOK that was quoted in the Agrawal and Yip paper. The 

THERMR output was then processed by ACER to obtain the final MCNP library 

for Group X-6. 
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Figure 5: Frequency spectrum for liquid methane (solid) as given by 
Agrawal and Yip, including an analytic translational part (dashed) and 
a rotational part based on Gordon’s analysis of the optical measurements 
of Ewing. 

0.0 2.0 4.0 6.0 

E :ie’/) 
10.0 a0 14.0 16.0 16.0 

Figure 6: Effective frequency spectrum for methane including both 
translational and rotational modes, but not including diffusive modes. 
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Figure 7: S(a, j?) curves for liquid methane. Note the diffusive behavior 
at low cr and p. 

Figure 8: The computed cross section for liquid methane at lOOI< (solid) 
is compared to experimental data (squares) by Whittemore and by Ro- 
galska as quoted by Agrawal and Yip. 
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Figure 9: Neutron spectra a(E-+E’) are shown for E =.OOOl, .0253, 
and .503 meV. Note the sharp quasi-elastic peak that results from the 
diffusive term in the theory used here. 

LIQUID HYDROGEN AND DEUTERIUM 

Materials containing hydrogen or deuterium molecules violate the assumption 

that spins are distributed randomly that underlies the incoherent approximation 

used for eq.(ll), and an explicitly quantum-mechanical formula is required to 

take account of the correlations between the spins of two atoms in the same 

molecule. This problem was considered by Young and Koppel, who gave the 

formulas for that were incorporated into the European coding that we originally 

received from Robert and Neef. Changing to our notation, the formulas for the 

hydrogen molecule (neglecting vibrations) become 

&wa(%P) = c PJ 
J=O,2,4,... 

x $[a: c +a: J,iz, ]W’+ 1) 

J’=O,2,4,... 1 * I... 

X Sf(C@,(a/2,+PJJf) eepJJ”’ 

J’+J 

x c 4$(y)C”(JJ’e; 00), 
L=IJ’-JI 

(24) 

(25) 

(26) 

(27) 
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and 

Sortho = c pJ 

k&3,5,... 

(29 

x !z[!f c +3”z ; 2G c ](2J’ + 1) (29) 
.I’=0 2 4 , I ,... J/=1,3,5,... 

(30) 
J’+J 

x c 4j,2(y)C2(JJ’l; OO), (31) 
klJ’-JI 

where a, and a; are the coherent and incoherent scattering lengths (note that 

the characteristic bound cross section (~b=4n[az+a3]), PJ is the statistical weight 

factor, ,OJJ~=(E>-EJ)/~T is the energy transfer for a rotational transition, je(z) 

is a spherical Bessel function of order 1, and C(JJ’l; 00) is a Clebsch-Gordan 

coefficient. The parameter y is given by Ka/2=(a/2)J, where a is the 

interatomic distance in the molecule. The sums over J’ .are treated as operators 

into order to keep the notation compact. 

Young and Koppel assumed that the molecular translations were free, so the 

equations contain 

Sf(o,P).= -J& exp[-y], (32) 

the free-atom scattering function. Note that (Y is divided by two when this equation 

is used to make the formula apply to a molecule containing two atoms. That is, 

the normalization of the translational part is 0.5. 

These formulas as stated are appropriate for a gas of hydrogen molecules. In a 

liquid, there are two additional effects to be considered: interference between the 

neutron waves scattered from different molecules, and the fact that the recoil of 

the hydrogen molecule is not really free. So far, we have only considered the latter 

effect. Experiments by Egelstaff, Haywood, and Webb at Ha.rwell17 and Schott at 

Karlsruhels showed appreciable broadening of the quasi-elastic scattering peak for 

liquid hydrogen, and both groups ascribed this to diffusive effects. Later, Utsuro 

of Kyoto University constructed a simple analytic modellg that included both dif- 

fusion and intermolecular vibrations and showed good agreement with experiment. 

More recently, Keinert and Sax of the University of Stuttgart proposed-the model7 

that we follow here. 

They suggested that the free translation term in the Young and Koppel formu- 
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las be replaced by the superposition of a solid-state like motion and a diffusive law. 

One can picture a hydrogen molecule bound in a cluster of about 20 molecules and 

undergoing vibrations similar to those of a hydrogen molecule in a solid. These 

clumps then diffuse through the liquid (hindered translations) according to the 

Egelstaff-Schofield effective width model discussed above. The Keinert-Sax distri- 

bution function is shown in Figure 10. They assumed a weight of 0.025 for the 

hindered translation, leaving a value of 0.475 for the solid-like distribution. 

0.0 2.0 4.0 

E (me; 
8.0 10.0 

Figure 10: The Keinert-Sax frequency distribution for the effective 
translational modes of liquid hydrogen. 

This model was then used in LEAPR. Some results for the effective transla- 

tional S(o, ,f3) to be used in the Young and Koppel formulas are shown in Figure 11 

along with the corresponding free translation curves. A new subroutine was added 

to LEAPR to carry out the rest of operations in the Young and Koppel formulas. 

Because of the spin correlations, S(o,@#S(cy, -p), and it is necessary to calculate 

both sides of the function. These results were then passed to the ENDF output 

subroutine. Here again, it was necessary to make a slight modification to allow for 

asymmetric scattering functions. A new parameter called “LASYM” was added to 

the File 7 format (it is in the “Ll” position of the head card for MF=7, MT=4). 

When LASYM=l, the p grid in File 7 starts with -ptix and increases through 

zero to +pmax. Of course, it was also necessary to modify the THERMR module 

of NJOY to recognize the LASYM=l option. This turned out to be very easy, and 
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some examples of cross sections and energy distributions computed by THERMR 

are shown in Figures 12 and 13. 

Figure 11: The effective translational S(CX, p) for liquid hydrogen (solid) 
compared with the corresponding free translation curves (dashed). The 
CY values shown are 0.1, 1, and 10 (broadest). 

Figure 12: The cross sections for liquid ortho hydrogen (upper curve) 
and liquid para hydrogen (lower curve) at 20 K are compared with ex- 
perimental data20 due to Squires at 20K (squares), Whittemore at 
20K (circles), and Seiffert at 14K 
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Figure 13: The spectra a(E4E’) for liquid para hydrogen are shown for 
E=.OOOl, .0253, and .251 eV. Note the sharp quasi-elastic peak arising 
from the diffusion treatment. The dashed lines show the free translation 
results from the original Young and Iioppel formulas. 

Figure 14: The spectra o(EdE’) for liquid ortho hydrogen are shown 
for E=.OOOl, .0253, and .251 eV. Again note the sharp quasi-elastic peak 
arising from the diffusion treatment. The dashed lines show the free 
translation result. 
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CONCLUSIONS 

The result of this work is set of state-of-the-art scattering law files for ortho 

and para liquid hydrogen, ortho and para liquid deuterium, liquid methane, and 

solid methane that can be used with the NJOY Nuclear Data Processing System 

to produce thermal scattering data for both continuous-energy Monte Carlo and 

multigroup applications. As a very useful spin-off, we have the LEAPR module, 

which can be used to produce new scattering law files for the traditional reactor 

moderators for the upcoming ENDF/B-VI library of evaluated nuclear data. 
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ABSTRACT: Moderators using both liquid and solid methane and liquid 
hydrogen are currently in use at major spallation neutron sources. Los 
Alamos Neutron Scattering Center (LANSCE) is planning the use of liquid 
methane as part of a major update program planned in about three years time. 
This report presents an overview of some of these devices and outlines the 
general engineering design of the proposed LANSCE moderator, including 
some suggested solutions to the radiation damage problems of methane. Also 
included is a brief overvie< of a possible combined H#3& moderator for 
high-intensity proton beams, which is covered in more detail in a separate 
paper. 

General overview 

l Argonne National Laboratory has two liquid moderators and one of solid 
methane. The solid moderator is a foam-filled vessel of aluminum with a one- 
sixteenth-in. wall thickness at the viewed face. Cooling is provided by a heat 
exchanger ooil carrying cold helium gas from a Koch model 1400 refrigerator. 

The two liquid moderators operate in a closed loop using a room-temperature- 
positive-displacement pump. All the methane is warmed up to room 
temperature in a heat exchanger, which subsequently re-cools the fluid on its 
return to the main loop on each pass. A liquid-nitrogen-cooled helium loop, 
used to cool a reflector, also supplies a secondary loop on its return leg, which 
in turn cools the methane heat exchangers. Supercooled liquid methane fed to 
the moderators is temperature-controlled by varying the flow rate of cold helium 
gas through the helium/methane heat exchanger. The methane is maintained at 
a pressure of 2 bar absolute (see Fig. 1). 

l KENS also has a solid-methane moderator that is directly cooled by a helium 
circuit, including a refrigerator. The moderator is an aluminum canister 
containing four plates, about 10 mm apart, that are in contact with the cooled 
sides of the vessel to assist heat transfer from the methane (see Fig. 2). 
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Fig. 1 Argonne National Laboratory CH4 moderator flow schematic. 

l ISIS has a liquid-hydrogen and a liquid-methane moderator, which function as 
completely independent systems. The hydrogen system was designed to operate 
in the supercritical region at 25 K and 15 bar absolute pressure. However, the 
current operating pressure is about 8 bar absolute since no boiling problems 
have been observed. The refrigerator is built by Sulzer and uses an oil-free 
reciprocating compressor and two-series-connected high-speed turbines. 
Temperature control is provided by an electrical heater in the helium refrigerant 
circuit powered in response to a germanium diode sensor in the hydrogen loop 
and powered through a three-term controller. The hydrogen pressure is 
controlled within kj bar of its setpoint by a pressure control system, and the 

hydrogen is circulated by a high-speed centrifugal pump in the return leg of the 
circuit. 

The liquid-methane system is cooled by a Philips-Stirling cycle machine 
capable of about 1000 W at 100 K. The methane pressure is controlled at 4 bar 
absolute to raise its boiling temperature to 130 K. Circulation is provided by a 
high-speed centrifugal pump in the flow side of the circuit. Two 50-micron 
filters are built into the circuit return leg, and temperature control is provided by 
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Fig. 2 KENS solid CH4 moderator. 

an electrical heater driven through a three-term controller in response to a 
platinum thermometer sensor. 

Both systems incorporate a spare circulator that can be valved into line by 
remotely operated valves. A faulty unit can then be isolated, purged, and 
subsequently removed without shutting down the system. The same applies to 
the filters in the methane system (see Figs. 3 and 4). 

l LANSCE has a single liquid-hydrogen moderator operating at 20 K and a 
pressure of about 6 bar absolute. The refrigerator is a CTI unit, modified for 
the purpose, which uses two compressors with oil separators and two 
reciprocating expansion engines. Hydrogen is circulated by a 3000 RPM 
centrifugal pump, which is in the outlet line of the system. Temperature 
control is provided by an electrical heater powered through a three-term 
controller in response to a germanium-diode temperature sensor. Temperature 
measurement at the moderator itself is measured by a hydrogen-vapor pressure 
bulb. The cold box containing the heat exchanger, which interfaces the 
hydrogen loop with the helium refrigerant, together with the control heater and 
temperature sensors, is sited within the service cell above the target top plate. 
Although radiation levels of l-10 m Rads/hr exist, even at the present energy 
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Fig. 4 ISIS CH4 moderator flow schematic. 
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levels of 30 t.tA, no radiation damage problems have been experienced in three 
years of operation. However, it is planned to re-site the cold box outside of the 
shielding during the major re-work of the target shielding in about three years 
time (see Fig. 5). 

CH4 \T 
/- CRYOGENERATOR 

TARGET CELL 

L cok3usneLE 
GAS AREA 

Fig. 5 LANSCE cryogenic equipment layout. 

LANSCE update 

The LANSCE update will involve restructuring of the target-moderator-reflector 
(TMR) upper shielding and possibly some of the lower shielding. This will afford 
the opportunity to regroup the various feed pipes and transfer lines to improve the 
integrity of the upper shielding. It wil1 aIso enable more preferred routes to be taken 
for the transfer lines to improve their flow characteristics. 

The existing four-flux-trap-moderator windows might be reconfigured for cryogenic 
devices, depending on the experimental program requirements. The two moderator 
windows adjacent to the upper tungsten target will probably be opened up, also (see 
Fig. 6). Two or four methane moderators are possible, operating in one or two pairs. 
Each pair would share a refrigerator representing a heat load of about 1200 W at 
100 K. 
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Fig. 6 LANSCE target system. 

A complete design study of a liquid-methane system has been made, which indicates 
that by using a common transfer line for two moderators coupled in series, a Philips- 
Stirling cycle refrigerator with a listed output of 1500 W at 100 K would be 
sufficient (see Fig. 7). 

A number of modifications to the ISIS refrigerator were found necessary to suit the 
particular application. 

The heat exchanger is in the form of an annulus with the return liquid entering at the 
top center of the cold head. The outlet pipe was on the lower side of the annulus. 
This caused a variable flow pattern, which resulted in changes in heat transfer to the 
methane. The changes seemed to occur in response to some form of local turbulence, 
as the effect could be reversed by changing the flow or pressure of the liquid methane. 
A reasonably successful remedy was to insert fixed valves into the inlet pipe to create 
a rotary motion of the liquid. A second problem was local freezing of methane in the 
cold head during the initial cool down, as mass flow during the gas phase is very 
low. An electrical heater was eventually fitted in response to a sensor on the cold 
head. The powder insulation was also removed and the head vacuum insulated. 

The LANSCE machine will be delivered suitably modified to avoid these 
requirements. The heat exchanger will be of a coiled pipe design with a heater wound 
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Fig. 7 LANSCE facility liquid methane moderator flow schematic. 

between the coils during manufacture. A vacuum-insulated head will have both inlet 
and outlet pipes from the cooling coil brought out through a common side port in 
the vacuum chamber, which will enable the vacuum chamber to be integrated into the 
main pumping system. Various additional interlocks will also be added to a remote 
control facility for the helium gas refrigerant pressure (see Fig. 8). 

STD PPG 110 annular 
heat exchanger 

Coil heat 
exchanger 

sensor , 

Flg. 8 LANSCE CH4 refrigerator heat exchanger concepts. 
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Circulators for cryogenic liquid 

The circulators used for both of the ISIS cryogenic moderators were developed from 
Philips units originally designed for pumping high-pressure cold helium gas in heat- 
transfer circuits. They use a standard high-quality 50-l% three-phase motor operating 
at 300 Hz to give a rotational speed of 1800” RPM. An extension of the motor shaft 
carries the overhung pump impeller. The unit is built into a pressure vessel because 
it operates in methane gas, which forms a static pocket connected to the main 
system. A secondary containment filled with an inert gas was originally required as a 
safety measure in the event of a methane leak. The complete outer vessel was later 
redesigned to incorporate this gas jacket, greatly improving ease of servicing. The 
greater duty of pumping relatively heavy liquids resulted in bearing-slip within the 
mountings, which caused high temperatures and loss of lubricant with premature 
bearing failure. The remedy was to clamp both inner and outer bearing races with 
ring nuts-the bearing assembly furthest from the impeller being carried by a thin 
metal diaphragm to accommodate thermal axial movement. Unfortunately, this 
thermally isolated the bearing and led to overheating. The source of this heat, 
however, is probably not purely frictional but might well derive from the waveform 
generated by a newly installed model frequency inverter. This is now under 
investigation (see Fig. 9). 

The circulator used for liquid hydrogen in the LANSCE moderator runs at a much 
lower speed. The impeller is correspondingly larger, but in place of the overhung 
shaft is a long drive shaft with a cold bearing at the impeller end. This bearing 
makes the whole design much more flexible and results in a device with a much 
longer life and greater reliability. The bearing is manufactured by Burden Precision 
and is primarily for high-temperature application. A dry lubricant is sintered into the 
cage material, which sheds dry lubricant in operation. The LANSCE circulator 
remained serviceable after approximately 10,000 hours operation. The maximum 
bearing life achieved with the ISIS high-speed unit is around 2500 hours, but the 
average is much less. On the other hand, the latter are smaller, lighter, and easy to 
replace. 

A circulator similar to that used for the LANSCE hydrogen system has been ordered 
for the methane moderator but in a modified form to enable replacement without 
breaking into the vacuum system. The impeller will also be modified to better help 
the cool-down operation through the two-phase flow stage (see Fig. 10). 

General layout of LANSCE cryogenic equlpment 

The hydrogen and methane cryogenic service equipment will be sited side by side in 
the service area. A new control cabin is to be built on the roof of the LANCE 
target area accessible from the upper plant room. This will contain monitoring and 
control equipment. Adjacent to the cabin will be the methane gas-handling plant and 
operation panel (see Fig., 11). 

Radiation damage to methane 

Liquid methane undergoes molecular changes in ionizing radiation. Long chain 
hydrocarbons are formed initially taking the form of yellow oils belonging to the 
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CRYOGENIC SYSTEMS 
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Fig. 11 LANSCE cryogenic control building. 

paraffin group. Further radiation would probably result in the eventual formation of 
solids. The beam current at ISIS is now 100 PA, and substantial levels of these 
paraffins are being produced. This does not appear to impair the neutronic efficiency 
of the moderator, but will ultimately result in a blockage that will be extremely 
difficult to remove. Most of the impurities are probably in solution with the 
methane liquid, but on warming up, the methane will be boiled off leaving the 
impurities behind as viscous liquid. Furthermore, it is likely that supersaturated 
levels of impurities will be produced. The present filters are, therefore, of limited 
value under such conditions, as some form of continuous separation and removal is 
required. This could be made possible by vaporizing the methane by raising its 
temperature or lowering its pressure and isolating the liquid impurities (see Figs. 12 
and 13). However, either of these options would require development funds. A 
simpler method could be to centrifuge the liquids and remove the heavier fraction 
with a Pit& tube. This is worthy of examination because relatively small 
development costs would be required (see Fig. 14). 

Combined CH4/H2 moderator 

A separate report has been written about the idea of a combined CHdjHz moderator, 
which is based on some elementary calculations that indicate such a system is 
feasible thermodynamically. However, considerable experimentation and 
development would be needed to turn the idea into a working system, and a study of 
the neutronic gains would have be evaluated before a decision can be made (see Fig. 
15). 
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Fig. 13 Pressure vapor separator. 



-- 
L 

Spallation source co/d moderators 191 

Fig. 14 Proposed centrifuge separator. 
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Fig. 15 Combined CH4/H2 moderator. 
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The advanced MAPLE reactor concept 

R. F. Lidstone, A. G. Lee, G. E. Gillespie and H. J. Smith 
Atomic Energy of Canada Limited 
Pinawa, Manitoba 
CANADA 

Introduction 

Over the next ten to twenty years, a major expansion in the utilization of intense 
neutron fields is anticipated, subject to the availability of an appropriate mix of 
medium-, high-, and ultra-high-flux neutron sources. At the leading edge in terms of 
flux intensity, an ultra-high-flux neutron source, such as the proposed ANS 
facilityt**21, is needed to generate neutron fluxes approaching 1 x 1020 n/m% for 
difficult experiments in condensed-matter physics and for the large-scale production of 
transuranium isotopes. Considering the saturated utilization of the existing high-flux 
reactors at Grenoble, Brookhaven, and Oak Ridge, new facilities with peak-available 
neutron fluxes of 0.5 to 2 x 1019 n/m2s will substantially augment the world’s 
capability in materials testing for advanced fission and fusion reactors and in advanced 
basic and applied research using extracted neutron beams. Furthermore, the real key 
to global access to the peaceful benefits of nuclear science and technology is an 
international network of modem medium-flux (peak fluxes of 1 to 5 x 1018 n/m2s) 
neutron sources to facilitate practical applications in areas ranging from neutron 
scattering and nuclear physics in support of national research programs, to materials 
testing and manpower training in support of power-generation programs, to materials 
analysis and the production of key radioisotopes in support of medicine, industry, and 
agriculture. 

Notwithstanding the exciting pace of development in accelerator technologyt1*31, 
fission-based systems are likely to continue to dominate the overall neutron-source 
population for the next decade or two. While accelerator-driven spallation sources are 
regarded as somewhat less difficult to site than comparable fission-reactor sources, 
their capital and operating costs are substantially higher than for conventional reactor 
sourcesIII. Moreover, the research and development program required to establish an 
ultra-high-flux facility is judged to be “moderately large” for a spallation source, 
compared to “modest” for the current ANS conceptIII. 

In Canada the need for advanced neutron sources has long been recognized. Between 
1963 and 1967, AECL study teams investigated the accelerator-based ING (Intense 
Neutron Generator) conceptt4B51, whose objective was to generate peak-unperturbed 
thermal-neutron fluxes of about 1 x 10zo n/m%, which would have yielded a factor 

of 25 improvement over the best performance since achieved in the NRU reactor. 

During the past several years, AECL has been developing the new MAPLE 
multipurpose reactor concept[3s6*71, which is capable of generating peak thermal 
neutron fluxes of up to 3 x 1018 n/m2s in its heavy water reflector at a nominal 
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thermal power level of 15 MW*. AECL will commercially produce key short-lived 
radioisotopes, such as ggMo, and demonstrate MAPLE technology in the prototype 
10 MW& MAPLE-Xl0 facility now being constructed at its Chalk River Nuclear 
Laboratories. 

Also, the Canadian Institute for Neutron Scattering (CINS) has recently made 
recommendations to the Natural Sciences and Engineering Research Council 
(NSERC) regarding the new and upgraded facilities necessary to sustain neutron 
scattering research in Canada181. Featured in the recommendations are the near-term 
upgrading of the M&laster Nuclear Reactor with a 5-MWfi MAPLE reactor and the 
study of mid-term options to strengthen Canadian access to high and ultra-high 
neutron fluxes-including a MAPLE-based high-flux neutron source. McMaster 
University is currently seeking NSERC funding for the MAPLE upgrade. 
Additionally, AECL has just commissioned studies to compare an advanced D20- 
cooled MAPLE reactor with an accelerator-based neutron source as prospective 
successors to NRU. 

A new Canadian high-flux neutron source 

To date, the MAPLE program has focused on the development of a modest-cost 
multipurpose medium-flux neutron source to meet contemporary requirements for 
applied and basic research using neutron beams, for small-scale materials testing and 
analysis, and for radioisotope production. The basic MAPLE concept incorporates a 
compact light-water cooled and moderated core within a heavy-water primary reflector 
to generate strong neutron flux levels in a variety of irradiation facilities. Its major 
design features are: 

1. Compact, Light-Water-Cooled and -Moderated Core. The 
MAPLE core volume is limited to about 63 liters (nineteen 600-mm long 
fuel assemblies), which results in the generation of very strong fast and 
intermediate neutron fluxes within the core and the availability of unusually 
strong thermal-neutron fluxes at irradiation facilities in the core and 
surrounding reflector. For example, the peak-unperturbed thermal-neutron 
flux is 4 x 1017 n/m7sMW in a central flux trap and 2 x lOi n/m2sMW 
in the heavy-water reflector. 

2, LELJ.Silicide Fuel Particles Dispersed in Aluminum Rods. 
MAPLE fuel meat is low-enrichment (about 19.7 weight percent 235U in 
total uranium) U3Si particles dispersed in an aluminum matrix; it is 
coextrusion clad with aluminum to form finned rods. This fuel has been 
developed by AFCL, as part of the international RERTR &educed 
Enrichment for Eesearch and Test Reactors) program, for use in the NRU, 
MAPLE-Xl0 and other MAPLE reactors. 

3. Heavy-Water Primary Reflector. The MAPLE reactor concept 
employs heavy water as the primary reflector, which provides optimum 
transmission of neutrons from the core to the horizontal beam ports and 
various vertical facilities used for neutron activation analysis, radioisotope 
production, etc. 
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4. Customized Beam-Tube Arrangement. A variety of beam-tube 
arrangements can be accommodated in the MAPLE reactor assembly. The 
number and orientation of the beam tubes are adjusted to meet the 
specifications and requirements of facility users. 

5. MAPLE Safety Features. The MAPLE design relies on diverse safety 
measures to assure protection of operating staff and members of the public 
in the event of conceivable accidents. For example, the core is deliberately 
undermoderated so that all important reactivity coefficients are appropriately 
negative. Also, one reactor shutdown system is physically separated and the 
second is functionally isolated from the reactor regulation system, and fuel 
changing can proceed without the need to disable the control or shutdown 
systems. 

In view of the renewed Canadian interest in a high-flux-neutron source, the MAPLE 
group has begun to explore advanced concepts based on AECL’s experience with 
heavy-water reactors. The overall objective is to define a high-flux facility that will 
support materials testing for advanced power reactors, new developments in extracted 
neutron-beam applications, and/or production of selected radioisotopes, The design 
target is to attain similar performance levels to HFR-Grenoble, HFBR, and HFIR in 
a new DzO-cooled, -moderated, and -reflected reactor based on rodded LEU fuel. To 
minimize capital and incremental development costs, the design concept uses 
MAPLE reactor technology to the greatest extent practicable. 

The main performance goals for the new advanced MAPLE-D20 reactor are a peak 
thermal-neutron flux of about 1 x 1Or9 n/m% in the heavy water reflector and a peak 
fast-neutron flux of 2 x 1018 n/m2s in a central irradiation facility for a core 
configuration in which the maximum linear fuel rod rating is less than 120 kW/m. 

Description of the MAPLE-D20 reactor 

The MAPLE-D20 reactor (Figs. 1 and 2) is a tank-type reactor employing heavy 
water for cooling, moderation, and reflection. Within the stainless-steel tank (3.0 m 
tall by 2.2 m diameter), a 19-site MAPLE grid plate structure is installed to form an 
inlet plenum/lower reflector in the bottom meter of the tank. Hexagonal zirconium- 
alloy MAPLE flow tubes, lengthened to accept l.O-m-long fuel assemblies thread and 
lock into the grid-plate sites; non-fuel modules, such as irradiation rigs, may be 
similarly attached to the grid plate. Heavy water from the primary heat exchangers 
enters the lower reflector region of the tank and is forced upwards through the flow 
tubes to cool the fuel; it then mixes in an outlet chimney and passes through 
apertures to the primary reflector region, which connects via exit nozzles and outlet 
piping to the primary coolant pumps. The main reactor specifications are presented 
in Table 1. 

Included in Table 1 are fuel specifications. The MAPLE-D20 fuel assembly uses 
IOOO-mm lengths of NRU-type U$i-Al fuel rods in a 60-rod fuel assembly; 
however, the standard NRU sheath thickness is reduced from 0.76 mm to 0.38 mm. 
The performance of the U$i-Al fuel rods has been excellent, with up to 93 percent 
bumup of initial fissile material being achieved at very high linear power ratings (up 
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Table 1 MAPLE-D20 specifications 

General 

1. Reactor type Tank type; 
low-enriched (19.7 %) uranium fuel; 
heavy-water cooled, moderated, and reflected 

50 nw 2. Nominal power 

3. Purpose 

Reactor Physics 

4. Core Parameters 

5. Thermal neutron flux 

6. Reactivity balance 

Core 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Shape & dimensions 

Number of 
subassemblies 

Lattice 

Core fissile load 

Power density 

Operating cycle 

Burnup 

Moderator 

Fuel Assemblies 

15. Subassemblies 

16. Form & 
Composition 

17. Uranium content 

extracted neutron-beam applications; 
advanced materials testing; 
radioisotope production 

k 
*If 

= 1.215 

Maximum in island: 1.0 x 1Olg n*m-2-s-1 
in reflector: 1.2 x lot9 n.m-2-s-1 

Burnup 91 mk 
Xe & Sm 53 mk 
Experiments 25 mk 

Reserve 8 mk 

Irregular hollow hexagon, 1000 mm high, 
maximum diameter 400 mm 

12 hexagonal zirconium-alloy flow channels, 
77.6 mm (externally) across the flats, 1.6 mm 
thick, containing 60-rod fuel assemblies 

Hexagonal, pitch approx. 80 mm 

Approx. 10.6 kg 235U 

Average 750 kW 1-l 
Maximum 1300 kW 1-l 

40 d 

Average 22 % of initial 235U 

Heavy water 

60 rods plus central support shaft in a 
hexagonal array, pitch 9.5 mm 

NRU-type U,SiAl rods coextrusion clad with 
finned aluminum alloy; 
fuel meat 5.48 mm diameter by 1000 mm long; 
cladding thickness 0.38 mm; 
six fins per rod 1.02 mm high by 0.76 mm wide; 
Enrichment 19.7 X 235U in U, by weight; 

0.88 kg 235~; 
4.47 kg U 
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Table 1 MAPLE-D20 specifications (continued) 

Core Beat Transfer 

18. Heat transfer area Total 22.9 m2, including fins 

19. Heat flux Average 2.18 NW m-* 
Peak 3.77 MW me2 

20. Fuel rod 218’C maximum in fuel 
temperatures 138’C maximum at clad surface 

21. Coolant heavy water 

22. Core flow Velocity 12 m s-1 
Total mass flow 420 kg-s-’ 

23. Coolant pressures Inlet 1000 kPa, 38OC 
& temperatures Outlet 370 kPa, 57“C 

Control 

24. Regulating system Single PROTROL (industrial PC-based) digital 
control computer; 
six V-shaped Hf absorber blades attached above 
to stepper-motor-driven shafts; blade surface 
92 mm wide by 1100 mm high; 
total reactivity vorth 307 mk 

25. Shutdown System #1 Six U-shaped Hf absorber blades attached above 
to hydraulically-actuated shafts, 
blade surface 138 mm wide by 1100 mm high 

26. Shutdown System #2 Magnetic-clutch override of regulating system 

Reflector 

27. Material & 
dimensions 

Reactor Vessel 

heavy water surrounding core, 2.2 m diameter 
by 3.0 m high 

28. Haterial, form Stainless-steel right-circular cylinder, 2.2 m 
6 dimensions inner diameter by 3.0 m high, 12 mm thick 

Experimental Facilities 

29. Horizontal beams Six to nine rectangular zirconium-alloy tubes, 
60 mm wide by 150 mm high; 
Accessing thermal neutron fluxes of 8 x 10’” 
n.m-2.s-1 to 1.0 x 1019 n*m-*..Y1 

30. Cold source To be specified, possibly a liquid hydrogen- 
deuterium mixture optimized for a cylindrical 
source of 200 mm diameter, 

Shielding 

31. Radial 600 mm thermal shield: 704: iron, 30% water; 
1350 mm ilmenite-concrete biological shield 

32. Radiation fields gamma: 20 micro Sv*h-1 
neutron: less than 0.2 micro Sv*h-’ 
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to 100 kW/m) with acceptable swelling behavior and no defects. For low bumup 
fuel, maximum linear power ratings of 120 kW/m have been found acceptable. 

Hafnium absorber blades are inserted immediately outside the core for reactivity 
control, generally following the contours of the core. When deployed, the absorber 
blades isolate the fuel from the heavy water outside of the core. The principal reactor 
shutdown system hydraulically actuates a set of six U-shaped absorber blades that fit 
around the comer sites of the 19-&e core. A set of six V-shaped absorber blades are 
normally operated by the reactor regulating system using stepper motors to position 
mechanically-driven absorber shafts; a second independent shutdown can override the 
regulating system by releasing magnetic latches to insert its reactivity-control 
absorbers. 

The reactor regulating system utilizes a digital computer system to initiate and 
maintain selected reactor flux and power levels and to acquire, record, and display 
process information. Its automatic-control algorithm-effects reactor changes in 
minimal time from current set point while avoiding overshoot and the violation of 
rules governing minimum reactor period and maximum acceptable rate of absorber 
withdrawal. 

The reflector tank is penetrated vertically by appropriate fuel-test loops, cold and/or 
hot sources, and irradiation rigs and horizontally by a set of zirconium-alloy beam- 
tubes. It is expected that most MAPLE-D,0 beam tubes will be rectangular in cross 
section; the nominal specification is 150 mm high by 60 mm wide. 

To limit beam-tube length while reducing neutron and y fields to acceptable levels, 
the reactor tank is closely surrounded by a thick (600 mm) thermal shield, whose 
average composition, by volume, is seventy percent iron and thirty percent water. At 
a thermal power level of 60 MW, the radiation fields are reduced to 25 p&/h by an 
additional 1350 mm of ilmenite concrete. Accordingly, typical distances from the 
nose of the beam tube to the working face are approximately 3 m. 

MAPLE-l&O studies 

1. Physics Studies. Scoping calculations for MAPLE-D20 reactor were 
performed for two alternative core configurations: eighteen fueled sites with the 
central site unfueled, and twelve outer sites fueled with the central seven sites 
unfueled. The 3DDT three-dimensional multigroup diffusion codet91 was employed 
with two neutron-energy groups: a thermal group with E < 0.626 eV, and a fast 
group with E > 0.625 eV. Cell-averaged cross sections were prepared using the 
supercell option of the W&IS-CRNL codeI10I to model the cell of interest in its local 
environment and an 89-group library derived from the ENDF/B-V data file. 

The scoping calculations confirmed that the twelve-site annular core incorporated 
sufficient reactivity margins to support a practical fuel cycle and could attain the 
targeted fast-neutron flux in a central rig. For the same maximum linear fuel rating, 
the twelve-site core generated substantially better peak-thermal-neutron fluxes in the 
reflector-49 percent higher than the eighteen-site core. Accordingly, no efforts were 
made to achieve higher fluxes by flattening the power shape of the eighteen-site core 
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and subsequent calculations focused exclusively on the flux-trap arrangement formed 
by the twelve-site core. 

Additional 3DDT calculations were performed for 30 MW and 50 MW twelve-site 
cores using the following five neutron-energy group structure: 

FAST E > 0.8 MeV 
GROUP 2 9keVcEc0.8MeV 
GROUP 3 4eV<Ec9keV 
GROUP 4 0.626eV<E<4eV 
THERMAL E < 0.625 eV 

The same WIMS-CRNL modeling strategy was to prepare the cell-averaged cross 
sections for 3DDT. The 3DDT calculations were verified by repeating the fresh-core 
calculations with the MCNP codeIli1, which uses a general-geometry package and 
Monte Carlo theory to solve the transport equations in three dimensions with 
minimal compromise in the realism of the modeling. MCNP relies on a continuous- 
energy library based on the ENDF/B-V data file. 

Table 1 shows the computed reactivity balance for the twelve-site core at 50 MW. 
The excess reactivity in a fresh core is 177 mk. The estimated short-lived-fission- 
product load is about 51 mk. Allowing 25 mk for beam ports and irradiation sites in 
the heavy-water reflector and 8 mk as a reserve, the expected core lifetime is 40 full- 
power days. The corresponding average fuel bumup is estimated at 22% 235U for a 
whole core replacement scheme. Alternative fuel management schemes will be 
investigated in future studies. 

Fig. 3 shows the 3DDT-computed radial distribution of the fast and thermal-neutron 
fluxes at 50 MW for the horizontal plane of maximum thermal flux. The 
unperturbed-peak-thermal flux is 1.2 x 1019 n/m-2/s-1. For three 50 mm x 150 mm 
tangential beam tubes at distances of 100 mm, 150 mm, 200 mm from the core wall, 
the MCNP-computed perturbed-thermal fluxes are 9 x 1018n/m-2/s-1, 1.0 x 1019n/ 
m-2/s-1 and 9 x 1018 n/m-2/s-1, respectively; the average computed ratio of perturbed to 
unperturbed flux at the beam-tube noses is 0.85. 

Figure 4 shows the axial-thermal-neutron flux distributions for 50 MW at distances 
of 120 mm and 500 mm from the core edge. The flux skewing is caused by 
deployment of the regulating-system absorber blades to the core midplane; 
accordingly, the horizontal beam tubes should be located somewhat below the core 
midplane to minimize flux shifts during the operating cycle. At 500 mm from the 
core edge, the peak-unperturbed-thermal flux is roughly 4 x 1018n/m-2/s-1, which 
corresponds to the maximum available in NRU, and the flux length at half peak 
extends over about 1.3 m. Hence, although the effect of fueled sites in the reflector 
have not yet been evaluated, the outer reflector regions appear suitable for high- 
pressure, high-temperature fuel-test loops. Furthermore, it is planned to investigate 
the prospects for creating local regions of elevated fast flux for materials-damage 
studies via fast-neutron loops nearer the reflector flux peak. 

Fast-neutron fluxes that could be produced in a central materials irradiation facility 
have also been investigated. For a zirconium-walled rig displacing a cylinder of 
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Fig. 4 MAPLE-D,0 axial thermal flux distributions at 50 MW. 
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heavy water 1000 mm long by 90 mm diameter, the fast (> 0.8 MeV) neutron flux 
in a strongly absorbing steel rod is estimated to be 2.4 x 1018 n/m-2/s-1. This flux 
level is comparable to that available in a major facility such as OSIRIS, which 
generates fast neutron fluxes of 2 x 1018 n/m-2/s-1 in a cylindrical volume 520 mm 
long by 30 mm diameter at a power output of 70 MW&. 

2. Shielding Studies. A brief survey of MAPLE-D20 shielding requirements 
was conducted using the one-dimensional discrete-ordinates transport code, 
XSDRNPM-S[121 and the SCALE 27n-18y cross-section library[131. Spherical 
geometry was assumed with SIG angular quadrature, and P3 anisotropic scattering. 
The MAPLE core was represented by a spherically homogenized (volume preserved) 
core with the central island assumed to be voided. The thickness of surrounding D20, 
the tank wall, and the shields was preserved in the calculations. Peak heating in the 
concrete and the neutron and y fields at the shield surface were estimated for a range 
of concrete and thermal-shield thicknesses. 

For a thermal power output of 60 Mw,, peak heating rates in the concrete are less 
than 1 W/l for thermal shields thicker than 0.26 m. For the same power output and 
a total dose rate of 2.5 I.LSV h-l, the required thickness of ilmenite concrete is 1.71 m 
for a 0.40-m thick thermal shield and 1.35 m for a 0.60-m-thick thermal shield. The 
radiation fields at the shield surface are predominantly due to ‘y’s (ignoring the effects 
of shield penetrations); the neutron contribution to the overall dose rate is less than 
one percent. 

3. Thermalhydraulics Studies. MAPLE-D,0 fluid-flow and heat-transfer 

requirements were assessed with a one-dimensional thermalhydraulics code[141 that 
analyzes transient and steady-state conditions for piping networks associated with 
pool-type and low-pressure tank-type reactors. The heat-transfer package contains 
correlations that describe all the heat-transfer regimes of a boiling curve. A fully- 
implicity finite-difference scheme is used to solve the transient heat-conduction 
equation for a single fuel rod. The finned rods were conservatively modeled by 
choosing the sheath outer radius to preserve the total sheath mass. 

The coolant flow requirement was determined by limiting the maximum operating 
heat flux for a fuel rod with a linear power rating of 120 kW m-l to less than two- 
thirds (actually 58%) of the heat flux at the point of onset of nucleate boiling. For 
an inlet pressure of 1.0 MPa and an inlet temperature of 38”C, the required flow 
velocity is 12 m s-l, which implies a core mass flow of about 420 kg s-l. The 
corresponding peak-fuel temperature is 218” C and the estimated outlet pressure is 
370 kPa. 

Conclusions 

This assessment of the MAPLE-D20 concept has identified a viable new concept that 
can be developed to play several roles: 

*Provide a successor to NRU. The reference annular core concept produces 
thermal fluxes that exceed those currently available in NRE by a factor of three 
to five at about half the thermal power output. Fast neutron fluxes three 
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times higher than the best achievable in NRE can be generated in a larger 
irradiation volume than is feasible in NRE. 

#Enhance the global availability of high-flux-neutron sources. The reference 
concept produces comparable accessible thermal-neutron fluxes to those 
achieved in IS S , HFBR and HFIR. 
l Complement the proposed ANS reactor by enabling the building of similar 

i-‘ instrumentation for a compatible facility generating ten to twenty percent of 
the targeted ANS conditions. 

*Extend the current MAPLE reactor family via a high-powered multipurpose 
reactor design for materials testing, radioisotope production, and extracted 
neutron-beam applications. 

This preliminary study of the MAPLE-D20 reactor shows that a 12&e annular core 
meets all major requirements for a high-flux multipurpose reactor facility. As the 
study is based on a cursory examination of the performance potential, more detailed 
investigations are required to gain a better understanding of its capabilities. 
Accordingly, AECL is futther exploring the feasibility of developing this promising 
concept. 
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Design calculations for the ANS cold source 
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ABSTRACT: The calculational procedure, based on discrete ordinates 
transport methods, that is being used to carry out design calculations for the 
Advanced Neutron Source cold source is described. Calculated results on the 
gain in cold neutron flux produced by a liquid-deuterium cold source are 
compared with experimental data and with calculated data previously obtained 
by P. Ageron, et al., at the Institute Max von Laue-Paul Langevin in 
Grenoble, France. Calculated results are also presented that indicate how the 
flux of cold neutrons vary with cold-source parameters. 

introduction 

The Advanced Neutron Source (ANS) is a new experimental facility being planned by 
the Oak Ridge National Laboratory to meet the national need for an intense steady- 
state source of neutrons11~2~31. The facility will be built around a new research reactor 
and will have the largest neutron flux available anywhere in the world. The ANS 
will be equipped with advanced neutron scattering and nuclear physics research 
facilities, with isotope production facilities, and with facilities for the study of 
materials in strong radiation fields. 

A major purpose of the ANS is to provide a high flux of cold (_<10s2 eV) neutrons for 

experiments. High fluxes of such cold neutrons can be obtained from a liquid 
deuterium (-20 K) region in the reflector tank outside of a high-flux reactor. Such a 
system has been in operation for some time at the Institute Max von Laue-Paul 
Langevin (ILL) in Grenoble, Francet41. In this paper some of the calculations that 
have been done to aid in the design of a liquid-deuterium cold source for the ANS will 
be described and the results discussed. 

ANS geometry and method of calculation 

ANS reactor and reflector. The ANS is in the preconceptual design stage. 
The base concept for the ANS reactor is a very compact core (30 to 40 L active 
volume) with a very high-density fuel of UsSi, in an aluminum matrix. The coolant 
and reflector/moderator surrounding the core are heavy water. Preliminary 
calculations show an unperturbed peak thermal flux of -1020 n/m2 s at a power level 
of -300 MW and give a core life of approximately 14 dt51. 

A preconceptual reactor design for the ANS in a single-core configuration has been 
developed by the Oak Ridge National Laboratory (ORNL) and in a split-core 
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configuration by the Idaho National Engineering Laboratory (INEL)16,71. Both 
designs were analyzed independently by both laboratories and very satisfactory 
agreement was obtained. As part of these studies, the neutron flux per unit energy 
throughout the reflector region was calculated at ORNL using the discrete ordinates 
transport code DORTt81. In the remainder of this paper, these calculated flux values 
for the INEL split-core design will be used as the basis for the calculations. 

More details of the work that has been done to date and the design and performance 
calculations will be found in Refs. 2,3, 6,7, 9-11. 

Reactor geometry, cold-source geometry, and coupling 
surfaces. To simplify the calculations as much as possible, they will be carried 
out in a two-dimensional r-z geometry. In Fig. 1 two cylindrical geometries-the 
reactor geometry and the cold-source geometry-are depicted. The reactor geometry, 
in the absence of the cold source, has cylindrical symmetry about the reactor z-axis; it 
is the geometry in which the neutron flux throughout the reflector was calculated 
previously and is available for use in the calculations described here. The cold-source 
geometry has cylindrical symmetry about the cold-source z-axis that is perpendicular 
to the reactor-geometry z-axis. 

Y Z-Axis 
I 

I Reactor 
1 Core 

! 

I . c 

I 
Y- 

rSmeared Al Guide 
Tube 

Om L 0.3m 1 L- Ll4uld or Gaseous Deuterlum 
Lfould Deuterium Reentrant Cavity 

Reactor Geometry Mldolane and Cold Source Geometry i 
Z-AXIS 

Fig.1 Reactor and cold-source geometries with coupling surface. 

-70 m 

An auxiliary code has been developed to transform particle fluxes from discrete 
ordinates calculations between between two r-z geometries, such as those shown in 
Fig. 1. The transformation code constructs the boundary angular fluxes needed to 
perform a cold-source calculation from the volume-distributed angular fluxes 
determined in a reactor geometry. The method consists of performing a spatial and 
angular transformation to equate the angular fluxes at each radial, azimuthal and axial 
boundary mesh point to the angular flux at the closest mesh point and angular 
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direction in the reactor geometry, Azimuthal symmetry is taken into account by 
employing a one-dimensional Gaussian quadrature to integrate over the azimuthal 
mesh points. Because of the relatively small number of angular directions employed 
in most discrete ordinates calculations, the boundary angular fluxes obtained using 
this nearest neighbor approach do not, in general, conserve boundary leakage. 
Therefore, boundary angular currents both before and after the transformation are 
calculated and employed to scale the output boundary fluxes. The boundary fluxes at 
the coupling surface (dashed lines in Fig. 1) are approximate because they were 
determined from the angular flux per unit energy that exist in the absence of the cold 
source and are used in the presence of the cold source. Also in the cold-source 
geometry, azimuthal symmetry is assumed; this symmetry does not exist in the 
reactor geometry. To test the validity of these approximations, the thermal neutron 
flux, as a function of distance along the cold-source z-axis as obtained in the reactor 
geometry and in the cold source geometry when the cold source, void tube, etc., are 
replaced by DzO have been compared and found to be in good agreement. 

Transport calculations. The cold-source transport calculations were carried 
out for the geometry inside the dashed lines in Fig. 1. This geometry begins at a 
distance of 0.30 m from the reactor-geometry z-axis and extends to 1.44 m along the 
cold-source z-axis and 0.45 m along the cold-source r-axis. The value of z = 1.74 m 
in Fig. 1 is approximately the position where the neutron guide tubes will begin. 
Only liquid deuterium is considered as the cold-source material. The liquid-deuterium 
region is shown as approximately circular in Fig. 1, but may be any shape. In the 
remainder of this paper, a cylindrical guide tube with its axis along the axis of the 
cold source will be considered. The re-entrant cavity is for the purpose of studying 
the effect of such a cavity on the cold-source performance because this effect has been 
found to be significantt4J2131. 

The quantity of primary interest is the flux of cold neutrons that emerge from the 
guide tubes at the experiment stations. The reflection properties of the guide tubes 
are such that cold neutrons at grazing angles with respect to the walls of the guide 
tubes will be reflected and, thus, transported over quite long distances to the 
experimental stationst141. The quantity of interest in the calculations is, therefore, the 
angular leakage of cold neutrons that exit the void region behind the cold source and 
enter the guide tube (see Fig. 1), or more precisely, the cold neutrons that enter the 
guide tube at small angles (- few degrees) with respect to the cold source z-axis. 

The transport calculations were carried out using the two-dimensional discrete 
ordinates code DORTt*l and the last flight code FALSTFt151. All of the DORT 
calculations were carried out using an Ss symmetric angular quadrature and a P, 
angular expansion of the scattering cross section. To obtain the angular neutron 
leakage at small angles, the code FALSTF was used because the symmetric Ss 
angular quadrature set employed in the DORT calculations does not contain discrete 
directions pointed down the axis of the void region. FALSTF calculated the flux at 
point detectors located outside the DORT calculational geometry using the final 
scattering source distribution produced by DORT. With a thin layer of black 
absorber located in the cold-source geometry to ensure that only neutrons which pass 
through the entrance of the guide tube are counted, the neutron flux at a point detector 
located a large distance R from the entrance to the guide cavity is simply the angular 
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neutron leakage into the guide cavity entrance divided by R2. Thus, multiplying the 
neutron flux at a number of point detectors located at different distances from the z- 
axis by R2 yields the directional angular neutron leakage into the guide cavity. 

Cross section data. A coupled neutron-photon multigroup cross-section 
library designated ANSL-V (for Advanced Neutron Source Library based on ENDFiB- 
BV) has been developed for use in ANS studies[16~171. A fine-group library containing 
99 neutron- and 44 photon-groups and a broad-group library containing 39 neutron- 
and 44 photon-groups have been generated. For low energy studies of particular 
interest here, the fine-group library contains 29 neutron groups between 1.00 x 1O-5 
and 3.00 eV and the broad-group library contains 25 groups in this energy range. 

Of particular interest here is the cross-section model used to describe the very low 
temperature scattering of neutrons by ortho- and para-deuterium. The model used is 
not yet documented, but is not appreciably different from the free gas model 
developed by J. A. Young and J. U. Koppel 118,191. The calculated cross sections 
deviate significantly from available experimental data1201 at energies below 
approximately 2 x 1O-3 eV. It has been established by the work of W. Bemriat, et 
a~.[211, and M. Utsuro1221 that this discrepancy can be substantially reduced by the use 
of a liquid rather than a gas model, but results from this more accurate model have 
not yet been incorporated into the ANSL-V library. 

For many of the studies considered here, it was convenient to use fewer than 39 
neutron groups. When this was the case, the 39-group library was collapsed with 
XSDRN1231 and a one-dimensional model of ANS. 

Results and discussion 

The gain factor may be defined to be the ratio of the angular leakage of neutrons, 
with a given wavelength, from the cold source into the guide tube (see Fig. 1) to this 
angular leakage when the cold-source material is replaced by D20. In Fig. 2 the 
calculated and measured gain factor for a liquid-deuterium-filled spherical cold source 
with a radius of 190 mm is shownli21. In Fig. 2 the calculated results of P. Ageron, 
et u~.[~J~~~I, as well as those reported here are shown. 

In the calculations reported here, the geometry used is that shown in Fig. 1. A guide 
tube radius of 55 mm, which corresponds to that used in the experiment, was used. 
This geometry differs in detail from the experimental geometry, but the differences 
are not thought to have an appreciable effect on the results, Also, the neutron source 
used in the calculations is that used throughout the paper since the actual source 
distribution in the experiment is not available. Since the gain factor that is compared 
involves a ratio, the details of the source may not have a significant effect on the 
results. 

The histogram in the figure is for an angle of 0”. The calculated results for an angle 
of 3” is very similar to that for 0” and is, therefore, not shown. The angular range of 
0“ to 3’ is chosen to cover the wavelength range of interest (-0.1 to 1 nm) for the 
possible guide-tube materialsl141. The calculated results obtained here are slightly 
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higher than those obtained by P. Ageron, et al., but are somewhat lower than the 
measured values. 

Calculations carried out using the 39 neutron groups, as in Fig. 2, require very long 
computing times, which are much too long for design calculations that must be 
repeated many times. For routine use, the 39-group cross sections have been reduced 
to a 6-group cross-section set. In Table 1 calculated results of the neutron angular 
leakage at 0” into the guide tube obtained with the 39-group and the 6group cross 
sections are presented. The geometry used in obtaining the results in Table 1 is that 
shown in Fig. 1 with a spherical liquid-deuterium cold source with a radius of 
190 mm. The void-tube radius was 146 mm, the guide-tube radius was 85 mm, and 
there was no cavity. In the results shown in Table 1 and throughout the remainder of 
this paper, the liquid deuterium used will be taken to have a density of 0.8 of the 
theoretical density to account for the fact that gaseous deuterium will be present; 
also, the liquid deuterium is assumed to be uniformly distributed over the cold-source 
volume. 
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Angle fran Cold Source Centerline = 0 Degrees 
(neut./s/ster) 

Neutron Upper1 Lm+x2 39 Group sml 
Group energy Wavelength talc. 

6Group sUn39Group 
39 Group Calc. 

(eV> Cd talc . 
6 Group 

1 (1) 2.00+73 
2 6.43-t-6 
3 3.00+6 
4 1.85-I-6 

z 
1.40& 
9.oOt5 

; (2) "Lack 

1; 
1:7Ot4 
3.00+3 

11 5.50+2 
12 (3j 1.00+2 
13 3.oo1-1 
14 l.Oot-1 

:z 
3.00+0 
1.77-m 

17 1.3OtO 
18 1.oOi-O 
19 7.65-l 
10 <4j 5.86-l 
21 4.79-l 

t: 
3.97-l 
3.30-l 

24 2.70-l 
25 2.15-l 
26 1.62-l 
27 1.04-l 
2s 5.00-2 
29 3.00-2 
3c (5) 1.00-2 
31 4.45-3 

:s 3.25-3 2.60-3 
34 2.15-3 
35 (0) 1.80-3 

:; 1.45-3 1.15-3 
38 8.50-4 
J9 5.50-4 

6.40-6 
1.3.3-5 
1.65-S 
2.10-S 
2.42-5 

2%: 
9:05:5 
2.19-4 
5.22-4 
1.22-3 
2.86-3 
5.22-3 
9.05-3 
1.65-2 
2.15-2 
2.51-2 
2.86-2 
3.27-2 
3.73-2 
4.S2 
4.54-2 
4.98-2 
5.51-2 
6.17-2 
7.11-2 
8.87-2 
1.28-l 
1.65-l 
2.86-l 
4.29-l 
5.02-l 
5.61-l 
6.17-1 
6.74-l 
7.51-l 
8.44-l 
9.81-l 
1.22# 

1.84+l3 
9.79t-13 
7.05+13 
2.37+13 
1.96kl3 
2.58-kl.3 
7.74+13 
2.09-k14 
3.00+14 
3.91+14 
4.9~14 
3.981-14 
4.03tl4 
5.11+14 
5.87+14 

44.:~:: 
5:70+14 
6.44+14 
4.99tl4 
4.31+14 

ET:: 
6:64+14 
9.58+4 
1.72+15 
6.69+15 
8.12+-15 
2.20+16 
2.16-k16 
8.34+15 
4.84+15 
3.3&15 
2.52+15 
2.40+15 
1.87+l5 
1.61+15 
1.24+15 
9.47+14 

3.33+14 2.27+14 1.47 

1.39t15 1.80+15 0.77 

4.03+15 1.64+16 0.25 

4.2Q+l.5 3.79r-l-5 1.11 

4.07+16 3.44+16 1.18 

8.OsC15 6.40+15 1.25 

-%ower energy of Group 39 is 1.00-5 eV. 

2lJ~per wavelength of Group 39 is 9.05 rm. 

32.00t7 read as 2.00x107. 

Table 1 Neutron angular leakage into neutron guides (spherical liquid deuterium 
cold soikce with radius = 190 mm, void tub8 radius = 146 mm, guide tube radius = 85 
mm, no cavity). 
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In Table 1 the energy group and corresponding wavelength-group boundaries are 
shown. For purposes of comparison, the appropriate 39-group results have been 
summed; these summed results are also given in Table 1. There are significant 
differences between the 39-group and the 6-group results, but the differences are not 
so major as to make the 6-group results completely untrustworthy. Calculated 
results similar to those in Table 1, for an angle of 3” have also been obtained and are 
not appreciably different from the results shown in Table 1. 

The results discussed above were all for a guide tube of radius 85 mm. In Table 2, 
the calculated angular leakage at 0’ and 3’ is presented for a range of guide-tube radii. 
The case considered is as before, i.e., a spherical liquid-deuterium cold source with a 
radius of 190 mm and a void-tube radius of 146 mm. As indicated in the table, 
guide-tube radii of 37,61,85, and 146 mm are considered. 

Neutron 
Energy 
Group 

2.00t73 

:% 
5:88-l 
1.00-2 
1.80-3 

2.00+7 6.40-6 
1.00+5 9.05-5 
1.00+2 2.86-3 
5.88-l X73-2 
1.00-2 2.86-l 
1.80-3 6.74-1 

Lower 
Wa;e.sgth 

6.40-6 3.88-k13 
9.05-5 3.07+14 
2.86-3 2.85+15 
3.73-2 6.81 t15 
2.86-l 6.12+15 
6.74-l 1.13t15 

Neutrons/s/Star 

Neutron Guide Tube Radius (mm) 

37 01 85 146 

Angle from Cold Source Centerline = 0’ 

Angle fron n Cold SOI 

1.13t14 
9.04+14 
9.64-t-15 
1.97+16 
1.73-l-16 
3.21+15 

2.27+14 6.94+14 
1.78+15 
1.64+16 K::: 
3.79t16 1:2ot17 
3.44t16 1.01$17 
6.40$15 1.83$16 

urce Centerline = 3’ 

2.31-l-14 5.31+14 
1.88+15 4.33+15 
1.87+16 4.13+16 

“3-::::: 
6:52t15 

%::: 
1:41+16 

‘Lower energy of Grdup 6 is 1.00-5 eV. 
‘Upper wavelength of Group 6 is 9.05 nm. 
32.00t7 read as 2.00 x 10’. 

Table 2 Neutron angular leakage into guide tubes of different radii (spherical liquid 
deuterium cold source with radius = 190 mm, void tube radius = 146 mm, no cavity). 

The values in the table are given for completeness, but can be compared more readily 
by taking ratios. First, it is clear that the leakage into the guide tube is nearly 
proportional to the area of the guide tube. To remove this effect, the values in Table 
2 must be divided by the guide-tube cross sectional area. Second, the angular leakage 
in a given energy group for a guide tube of 85 mm will be taken as a normalizing 
factor, and the results for the other guide tubes will be divided by this normalizing 
value. The results, when this is done, are shown in Fig. 3 as a function of guide- 
tube radius for the lowest three energy groups considered. The plotted points indicate 
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the calculated values. The curves are only for guidance and, particularly in the 3” 
case, are somewhat arbitrary. 

-------T- l------l 

, 5.88.Lo% to 1.00~10-2ev [3.72-10-2nn to 2.86*10-Lm] 

1 L.o~.Lo-~ev to l.K~lO-~ev [2.86-10-Lmi to 6.74*10-&n] 

L 1.80.10-2eV to L.00~10-5e~ [6.74-10-h., to 9.05.lOarnn] 
n 

Fig. 3 Ratio of angular leakage in a given energy range into a guide tube of specified 
radius to angular leakage into guide tube of radius 85 mm vs, guide tube radius. 
(Spherical cold source with radius = 190 mm, void tube radius = 146 mm, no cavity.) 

In the 0” case, the change of the leakage with guide-tube radius is not large. For each 
of the energy groups considered, there appears to be an optimum guide-tube radius, 
but not a very precise one. In the 3” case, the variation of the leakage with guide- 
tube radius is larger than the lo case. It is also clear that there is an optimum guide- 
tube radius for each of the groups considered; but with only the points that are shown 
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in Fig. 3, it is not possible to estimate the position of the optimum or the 
magnitude of leakage at the optimum. 

At the ILL it has been found that a re-entrant cavity, such as that shown in Fig. 1, 
can significantly increase the flux of cold neutrons in the guide14*12>131. A series of 
calculations with a spherical cold source of radius 190 mm and various re-entrant 
cavities has been carried out to study this phenomena. The neutron source and void- 
tube radius are the same as that used previously. The cavity radius and the guide-tube 
radius are taken to be the same and equal to 85 mm. Cavity lengths of 134 mm, 
219 mm, and 256 mm are considered. 

In Fig. 4 the calculated neutron flux in the energy range 1.8 x 1O-3 eV to 
1.0 x 1O-2 eV is shown along the cold-source centerline as a function of distance 
from the front, i.e., the reactor side, of the cold source. In the figure, results are 
shown for the three different re-entrant tube lengths and for the case when there is no 
cavity. 

3.0 

a 
0, 
x 

3 2.0 
c 

ii 

Ii 

B 

1.0 

0.0 

219 nun Reentrant Cavity- 

256 nxn Fb3bxant Cavity 

0.0 60.0 120.0 180.0 240.0 300.0 360.0 

D~TKHREACRX Do& OF COID SUJKE (nut) 

Fig. 4 Low energy flux (1.8 x 10-s eV c E < 1 .O x 1W2 eV) profiles through center of 
spherical cold source. 
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In all cases, the flux reaches a maximum and then decreases. As the length of the 
cavity increases (see Fig. l), the maximum value of the flux decreases and the 
position of the maximum value is closer to the front of the cold source. In the three 
curves for the re-entrant cavities, the position to the right of the flux peak, where the 
curves have a change in slope, is the position of the interface between the liquid 
deuterium and the cavity. Note that the flux at the entrance to the cavities is larger 
than the flux at the entrance to the void tube in the case of no cavity. 

In Table 3 the angular leakage into the guide tube is shown for the three cavities 
considered and the case of no cavity. In the table, results are given for all energy 
groups and for angles 0”, lo, 2” and 3”. The values in the table are again given for 
completeness, but can be more readily understood by considering ratios. 

c-/s/-) 

-d-=2 ArylefmF%mlUkeCenterline(dcqnzes) 

0 1 2 3 

1 2.O~Tt7~ 6.40-6 
2 l.Oo+5 9.05-S 
3 l.Oot2 2.86-3 
4 5.88-l 3.73-2 
5 1.00-2 2.86-l 
6 l-SO-3 6.74-l 

1 2.oo+7 6.406 
2 l.oo+5 9.05-5 
3 l.Oot2 2.86-3 
4 5.88-l 3.73-2 
5 Loo-2 2.86-l 
6 1.80-3 6.74-l 

1 2.OO+7 6.40-6 
2 l.o0+5 9.05-5 
3 l.Oot2 2.86-3 
4 5.88-1 3.73-2 
5 1.00-2 2.86-l 
6 1.80-3 6.74-l 

1 2.OO+7 6.406 
2 LOO+5 9.05-5 
3 l.ow2 2.86-3 
4 5.88-l 3.73-2 
5 l.oc-2 2.86-l 
6 l-SO-3 6.74-l 

Allliquiddaterium 

2.27+14 2.23+14 2.26+14 
1.78+15 1.79el.5 1.81+15 
1.64+16 1.64+16 1.67+16 
3.79+16 3.82+16 3.91+16 
3.44+16 3.44+16 3.4*16 
6.4O+15 6.40+15 6.48+15 

134 m mmttant cavity 

2.31+14 
1.88+15 
1.87+16 
4.11+16 
3.54+16 
6.52+15 

5.61+14 5.02+14 4.71+14 
3.98+15 3.59+15 3.37+15 
2.95+16 2.71+16 2.59+16 
4.32+16 4.15+16 4.X+16 
4.35+16 4.O6+16 3.89+16 
9.18tl5 8.41+15 7.87+15 

219 w reentrant cavity 

4.31+14 
3.19+15 
2.6-16 
4.41+16 
3.94+16 
7.78+15 

9.99+14 8.654-14 7.87+14 
6.74+15 5.89+15 5.35+15 
4.43+16 3.93+16 3.6916 
4.97+16 4.67+16 4.63+16 
4.26+16 3.96+16 3.8ot16 
9.14+15 8.31+15 7.78+15 

256 mureentrant cavity 

6.73+14 
4.65t15 
3.42+16 
4.6Ot16 
3.6o+16 
7.06+15 

1.24+15 1.07+15 9.57+14 8.12+14 
8.264l5 7.14+15 6.38+15 5.51+15 
5.18+16 4.56+16 4.1-16 3.85+16 
5.30+x 4.93+16 4.83+X 4.8Ot16 
3.92+16 3.68+16 3.54+16 3.42+X 
8.33+15 7.64+35 7.15+-15 6.61+15 

1~ enefgy of grap 6 is l.OO-5 eV. 
2vpperwavelength ofgxcup 6 is 9.05 ran. 
32.~Oe7 read as 2.00x107. 

Table 3 Neutron angular leakage into 85.3 mm radius neutron guide tube (void tube 
radius = 146.3 mm, cavity radius = 85.3 mm). 
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In Fig. 5 the ratio of the angular leakage in a given energy range with a cavity 
present to the corresponding angular leakage with no cavity is shown as a function of 
cavity length. Results are shown for angles of 0’ and 3’. At 0” the maximum value 
of the ratio obtained is slightly less than 1.5 and is for the highest energy group 
shown that is group 4. For group 5, the maximum value obtained is considerably 
smaller; for group 6, the maximum value obtained is slightly smaller. For groups 4 
and 5, the maximum value of the ratio occurs between lengths 134 mm and 
219 mm; but for group 6, the maximum value occurs at the largest cavity length 
considered. At 3” the ratios have similar behavior, but the values are, in general, 
smaller than at 0”; for groups 4 and 5, the maximum value of the ratio occurs at 
smaller values of the cavity length. 

I I 

3O FRm coLD SOURS CENIZRLINE 

/- ,-----a-_ 
rs 

/___-----_ 
-__ _--- _-- &--._Lz~~ >.;^ 

‘F) 
--9 

o 5.88.10-IeV to 1.00.10-2eV [3.72*10-2nn to 2.86*10-1~] 

. 1.00-10-2eV to 1.80.10-3eV [2.86.10'2xxn to 6.74'10-&I] 

A 1.80*10-2eV to 1.00.10-5eV [6.74'10-1mn to 9.05a100rxn] 

Fig. 5 Ratio of angular leakage in a given energy range from cold source with re- 
entrant cavity to angular leakage from cold source with no cavity vs. cavity length. 
(Spherical cold source with radius = 190 mm, void tube radius = 146 mm, cavity radius 
= 85 mm, guide tube radius I 85 mm.) 
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P. Ageron has presented both measurements and calculations of the effects of re- 
entrant cavities on the flux of cold neutrons produced by liquid-deuterium cold 
sources. Detailed calculations from ORNL for comparison with these results are not 
yet available, but from the preliminary results that have been obtained, it is clear that 
the ORNL results will not agree well with those of Ageron, et al. In general, the 
results in Refs. 4, 11, and 12 indicate improvements in the wavelength range 0.1 to 
1 nm due to cavities to be factors of 1.5 and above, and our calculation gives values 
such as those in Fig. 5 of 1.5 or significantly less. 
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Opportunities for research program development at 
LANSCE 

C. D. Bowman 
Physics Division 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87544 

ABSTRACT: The availability of intense neutron beams from facilities 
associated with the Proton Storage Ring and LANSCE has stimulated 
the development of neutron research well beyond the mainstream of 
neutron scattering. A description of this extended program is given 
along with prospects for further growth. 

lntroductlon 

The Proton Storage Ring (PSR) project originally was launched for nuclear 
physics research. As the opportunities for neutron scattering research were 
recognized, capabilities were included in the PSR design to accommodate both 
programs. However as the scope of both programs grew it became clear that 
the PSR could not be satisfactorily multiplexed between them. As a result, the 
PSR was finally constructed with a several hundred nanosecond pulse width 
which was most suitable for neutron scattering research, and other means 
were devised to obtain a sub-nanosecond pulse width for MeV neutron 
nuclear physics at a different target station. These two modes also could be 
readily multiplexed allowing both programs to run simultaneously and thereby 
greatly enhancing the research output across the full energy spectrum of 
neutron spectroscopy. Upon completion of the PSR, its powerful capabilities 
for nuclear physics research were also recognized. The success of this extended 
neutron research program’ has provided the base for suggesting in this paper 
further major augmentation of the facilities by adding an experimental cell 
capable of receiving a small fraction of the PSR beam and arranged so that the 
PSR proton pulse can be brought directly to experimental apparatus. The 
views expressed here regarding prospects for the future are my own and do not 
necessarily represent those of the Laboratory. 

Neutron Nuclear Physics at the IANSCE Complex 

The scope of the neutron nuclear physics program at the LANSCE complex is 
perhaps best illustrated by the following list of experiments approved by the 
Internal Program Advisory Committee for Neutron Research (IPAC) for 
1988. 
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Gamma Ray Production Measurements by keV and MeV Neutrons. 

Neutron-Induced Fission Cross Section From 1 to 400 MeV. 

Neutron-induced Pion and Photon Production from Nuclei. 

Charge Exchange Reactions in Neutron Physics. 

Giant Resonance Studies Using Neutron Capture Gamma Rays. 

Neutron-Proton Bremsstrahlung. 

Accurate % Fission Cross Section from 1 to 200 MeV. 

Nuclear Level Density through (n,p) and (nalpha) Reactions. 

Response of BGO to neutrons from 1 to 200 MeV. 

Differential Cross Sections for (p,xn) Reactions at 800 MeV. 

Continuum Excitation by the (p,n) Reaction at 800 MeV. 

Neutron Cross Sections on Radioactive Nuclei. 

Fundamental Symmetry Experiments using Resonance Neutrons. 

Electric Polarizability of the Neutron Using eV Neutrons. 

Neutron-induced Optical Photon Emission. 

Benchmark Neutron Transport Experiments. 

The substantial Los Alamos staff which participated in this program in 1988 is 
listed in Table I. The P-3 staff devoted essentially full time to the program 
while most of the other staff members worked part time. The many other 
institutions which contributed to these experiments are listed in Table II. 

A. MeV Neutron Nuclear Physics Facilities 

The key to MeV neutron nuclear physics at LANSCE was the realization2 that 
a world class MeV neutron source could be developed at LANSCE at very 
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modest cost by directing single micropulses, with width as small as 0.3 
nanosecond at a small tungsten target and energy analyzing the white- 
spectrum neutrons by nanosecond time-of-flight techniques. The low cost 
arose from (1) use of the PSR injector for injecting well separated H- beam 
micropulses into the LAMPF accelerator simultaneously, (2) accelerating 
them simultaneously with the high current H+ (3) separating the two charges 
at the end of the accelerator in an existing magnet, and (4) transporting them 
to the MeV spallation target using much of the same beam line used to 
transport LANSCE beam. 

The main cost in adding this capability, referred to as Target 4, was in 
constructing the target and associated beam lines. This construction is now 
complete and is shown in Fig. 1. Neutron drift tubes radiate from two target 
locations3. The dashed-line tubes are located about 2.5 M below and in a plane 
parallel to the other drift tubes. Altogether there are 14 drift tube locations of 
which eight have already been brought into frequent use. Each beam line has 
its own stand-alone Microvax data collection system. This facility provides the 
world’s most intense neutron beams in the 1 to 800 MeV range. By increasing 
the rate of LAMPF macropulse delivery to Target 4 and improving the H- 
injection into LAMPF, the neutron intensity could be increased by a factor of 
three or more. Research on this facility is well established with substantial 
staff, a large external user group, and an exciting array of research problems. 

Presently the major fraction of neutron nuclear physics is conducted at Target 
4. However a program using 0.025 to 10,000 eV neutrons has begun at 
LANSCE with substantial growth potential. Also additional facilities could be 
added making possible an even broader spectrum of research opportunities. 
The remainder of this paper will be devoted to a discussion of PSR-based 
nuclear research and program expansion beyond the confines of conventional ’ 
pulsed neutron scattering techniques. 

6. eV Neutron Nuclear Physics at IANSCE 

The width of the proton pulse from the PSR is 0.25 microseconds which 
corresponds to the moderation time in a water moderator for 15-eV neutrons. 
Therefore for neutrons with energy below 15 eV the resolution is not 
appreciably worsened by the beam pulse width. Above that energy effective 
neutron spectroscopy still can be performed despite some resolution 
broadening introduced by the PSR pulse width. These properties along with 
the low repetition rate of 12-15 Hz and very high average intensity make 
LANSCE a powerful source for eV neutron spectroscopy. We describe here 
several experiments already performed which illustrate this power. 
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Table 1. Los Alamos Staff Members Participating in Neutron Nuclear 
Physics Research at IANSCE-related Facilities in 1988. 

R. Nelson 

S. Seestrom-Morris 

S. Wender 
J. Ullmann 

P. Lisowski 
P. Koehler 

H. O’Brien 
C. Bowman 

P-3 (Facility and Research 
Program Responsibility 

R. Byrd 

G. Morgan 

N. King 

R. Haight 

J. D. Bowman 

J. Szymanski 
B. Tippins 
D. Lee 

J. Mcgill 

C. Morris 

C. Goulding 
C. Moss 

R. Reedy 

M. Meier 

D. Drake 

P-2 

P-15 

MP-4 

MP-5 

MP-10 

N-2 

ESS-8 

ESS-9 

J. Wilhelmy 
M. Fowler 

INC-11 
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Table II. Universities and Laboratories Participating in Neutron Nuclear 
Physics Research at LANSCE-related Facilities in 1988. 

University of Colorado 

University of Hanover 

ORNL 

NBS-Washington 

Ohio University 

University of California-Davis 
-Irvine 
-Los Angeles 
-Riverside 

CEBAF 

University of New Mexico 

Temple University 

William and Mary University 

Upsalla University 

LLNL 

KEK 

Kyoto University 

TRIUMF 

University of Technology-Delft 

GKSS Research Center-FRG 

Princeton 

Harvard 

AERE-Harwell 

TUNL 
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Fig. 1 Facilities for MeV neutron nuclear physics research. 
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1. Cross Sections on Radioactive Samples 

Perhaps the most dramatic example of the power of LANSCE for neutron 
nuclear physics is in the measurement of reaction cross sections on highly 
radioactive nuclei. The problem with such experiments in the past has been the 
decay products which overload the detector and obscure the detector response 
to the neutron-induced reaction products such as protons, alphas, and 
gammas. The sheer intensity of the LANSCE eV beam allows the use of 
samples smaller by about a factor of 1000 than previously practical (i. e. in the 
nanogram and microgram range) and the low repetition rate at which the 
neutrons are delivered to the sample produces a high signal-to-noise ratio. 

Our first successful measurements4, conducted on FP-4 when the first 
LANSCE beam became available in 1986, were done using 100 nanograms of 
‘Be, which has a 53-day half-life. The measurements extended from thermal to 
about 50,000 eV. The apparatus shown in Fig. 2 includes a beam line with 
collimation for a 3-mm diameter beam, an aluminum foil on which the sample 
is placed, a solid-state charged particle detector to detect the reaction 
products, and a second detector downstream (not shown) to collect alphas and 
tritons from a second foil with a small amount of 6Li used as a flux monitor. 

rLhST SECTION 
OF COLLIMATOR 

Fig. 2 Arrangement for neutron reaction cross section measurements on 
highly radioactive targets. 
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The flight path len$h is about 7 M. The samples studied to date include ‘Be, 
22Na, Al, 35Cl, Cl, and “Co. The results for %I are shown in Fig. 3. A 
new detector is under construction which will allow capture cross section 
measurements on this class of samples by gamma detection. Measurements 
will become possible on more than 100 nuclei previously inaccessible to study. 
The primary basic research interest for this work is in nuclear astrophysics. 

10” 
3‘ 
3 10' 

5 10" 

8 ; 10-l 
1 
* 10" 

lo-3 
I I I I11111 

I,’ , , , ,,,I 

10" 10" 10" 

En (90 
Fig. 3 The %l(n,p)“S yield as a function of neutron energy measured at 
a 7 meter flight path. 

2. Neutron Transport Benchmarks 

A facility also has been established on FP-2 at LANSCE for neutron transport 
studies. The assembly for this study includes a fission neutron detector 
incorporating detection by proton recoil and the elimination of gamma 
detection by pulse shape discrimination. It is located at the end of a 60-M 
flight path. Successful experiments require the presence of fissile material and 
a neutron life time in the assembly which is short compared to the drift time of 
the neutron along the flight path. The latter condition is satisfied in small 
assemblies for neutrons with energy less than 1000 eV. An example of a very 
simple assembl is shown in Fig.4. A comparison of the results for two 
thicknesses of 3 35U is shown in Fig. 5. This particular geometry is highly 
sensitive to the capture-to-fission ratio and has been used to improve the 
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PM Tube 

4’ D iameter Neutron Beam 

60 m LANSCE FP-2 

cd ’ 
a42 

235” 

Fig. 4 Benchmark neutron transport assembly. Neutrons impinge from the 
right on an assembly in this case consisting sim ly of a layer of 235U and a 
layer of Cd. Fission neutrons produced in the 239 U are detected by proton 
recoil in the hydrogenous scintillator viewed by the photomultiplier tube. 
The flight path length is 60 meters. 

accuracy of the 235U resonance parameter characterization of the cross section 
in the energy region below 1000 eV in a joint effort with the Theoretical 
Physics Division of Los Alamos and the ORELA Group at the Oak Ridge 
National Laboratory. 

3. Polarized Neutrons for Fundamental Symmetry Studies 

It is now we11 established that p-wave resonances in the eV range exhibit parity 
violation (P-violation) enhanced over the nucleon-nucleon experiments by 
several orders of magnitud~.~Similar enhancements are also expected for time 
reversal invariance violation (T-violation)‘. Since P-violation is a property of 
the weak force, detection of this effect as a .general phenomenon in neutron 
resonances would provide the only opportunity for studying systematics of the 
weak force in nuclei. Among the many ways in which the P-violation 
experiment might be done, perhaps the simplest is the transmission of 
longitudinally polarized neutrons. The detection of a difference in 
transmission for the two helicities is unambiguous evidence for P-violation. 

Our first experiments however were done without polarized neutrons’. Since 
in the presence of P-violation the transmission (cross section) depends on the 
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Fig. 5 A comparison of fission neutron rate for two thicknesses of ?J as a 
function of neutron energy. The measurements, which extended up to 1 
keV and required eight hours, illustrate the power in resolution and 
intensity for eV range neutron spectroscopy at a modern spallation 
source. 
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neutron hehcity, likewise polarization will be introduced into the beam when 
an unpolarized beam traverses a sample exhibiting parity-mixed neutron 
interactions. We demonstrated this effect using the geometry illustrated in Fig. 
6. The unpolarized beam was first transmitted through a La sample which has 
a P-violating resonance at 0.73 eV. It was then passed through a magnetic 
device which flipped the longitudinal polarization introduced by the resonance 
in the first sample. The neutron beam was then passed through a second 
sample of the same material and neutrons detected in a detector at a flight 
path of 11.3 M. If the detected rate is different for the two states of the flipper, 
the presence of polarization in the neutron beam after traversing the first 
sample is established. 

lo-cm DIAMETER 
NEUTRON 

DETECTOR 

UlLDlNCi WALL 

+==---I 1 METERS. 

Fig. 6 Plan view of the arrangement for first measurements of parity 
violation without the use of polarized neutrons.Our next experiments were 
conducted using polarized neutrons produced by transmission through laser- 
polarized 3He. The 3He is polarized by bathing a mixture of helium gas and a 
small amount of vaporized rubidium with polarized laser ligh?. The alkali 
vapor is polarized in the optical pumping process and the polarization 
transferred to the helium nuclei by the spin-spin interaction. We typically 
achieve an 70 % 3He polarization in a 10 atmosphere-cm3 volume. The area of 
the cell was 0.75 cm2 with a length of 4 cm, and a pressure of 3.3 atmospheres. 
It was located at a flight path distance of 7 meters. 

The technique has the advantage over a polarized hydrogen target9 of little 
loss in neutron intensity in the polarization process, easy neutron spin flipping 
by flipping the 3He by adiabatic fast passage, eight-hour polarization decay 
time in the absence of laser pumping, no cryogenics, and no strong magnetic 
field. At its present stage the beam area is small and useful neutron 
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polarization experiments are limited to the energy region below 1 eV. Progress 
in the amount of polarized “He has moved rapidly and depends primarily on a 
better understanding of wall depolarization effects and on increasing the laser 
power. The power on the cell was about 0.5 watts. A comparison of what we 
have achieved and what should be possible for a 3 cm2 beam area with an 
increase in laser power by a factor of ten is shown in Fig. 7. This performance 
would be of substantial interest to the neutron scattering community. We are 
also studying the possibility of a laser-polarized 3He detector which would 
offer interesting advantages for polarized neutron research. 

Projected performance 

1 10 100 

Neutron energy (eV) 

Fig. 7 Performance of the first 3He spin filter in terms of filter transmission 
and polarization as a function of neutron energy and improvements 
resulting from a factor ten increase in polarized laser light intensity. 

In order to reach polarization of about 60 % over an area of 10 cm2 and 
throughout the eV range, we brought on line for 1988 a polarized hydrogen 
transmission filter of conventional design using lanthanum magnesium nitrate 
crystals as the filter’. The transmission of the neutron beam through the filter 
was about 0.18. P-Violation data was collected using a lOO-cm2 detector 
located at 11 M or a 700-cm2 detector at 60 M. An example of the P-violation 
data collected on 139 La in 1.5 hours is shown in Fig. 8. A spectrum for 238U is 
shown in Fig. 9. The p-wave resonances are readily seen; a resonance at 89 eV 
appears to show substantial P-violation. For 1989 we hope to switch over to an 
organic filter and to improve our beam area by at least a factor of two, make 
some improvements in polarization, and increase the transmission by perhaps 
a factor of two. 
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F$. 8 A measurement of parity violation in a resonance at 0.734 eV in 
La. The ordinate is the ratio of transmission for neutrons polarized along 

and opposite to the direction of neutron propagation. The measuring time 
was 1.5 hours. 

The counting rate in these transmission experiments exceeds lOlo per second 
and it is therefore not possible to count individual neutrons. We have 
therefore developed current-mode counting to accommodate the rates. The 
apparatus and an example of the data is shown in Fig. 10. A l-cm thick 
detector of 6Li-loaded glass is attached to the face of a photomultiplier tube 
with separate high capacity power supplies for each of the higher dynodes to 
assure that the voltage on these dynodes doesn’t sag under high current 
loading. The signal may be averaged and then fed into a transient digitizer. 
This unit measures the current 8096 times in one cycle with a dwell time as 
short as l/8 microsecond, Each of these 8096 values is added to an 8O!I6- 
channel summing memory after each beam pulse. The result for three 
LANSCE beam pulses (l/S s running time) is shown for transmission on a Ho 
sample. Note that even weak p-wave resonances in Ho are beginning to appear 
already in the wings of the much stronger s-wave resonances. Being able to 
handle these enormously high counting rates might make Bragg-edge 
diffraction competitive with conventional high resolution powder 
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Fig. 9 Transmission measurements on au using polarized neutrons for 
parity violation studies. The ordinate is proportional to transmission and 
the abscissa is the neutron time of flight channel. The numbers at the dips 
are the s-wave resonance energies in eV. The arrows indicate the position 
of the weak p-wave resonances. 

diffractometers. This possibility is discussed for some specific experiments 
below. 

Neutron Scattering Science Related to Neutron Nuclear Physics 

Both neutron scattering and neutron nuclear physics originated at nuclear 
reactors. While neutron scattering focused on the exploitation of thermal 
neutrons and the science possible with them, most of the nuclear physics 
moved on to higher energies using electron linacs which produce intensities of 
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higher energy neutrons. However the advent of intense spallation sources 
provides epithermal neutron intensity higher by several orders of magnitude 
and has begun to attract nuclear physicists back to the lower energy range. 
One may therefore expect a synergism with nuclear physics which might hasten 
the exploitation of some parts of the pulsed neutron scattering field. This 
section gives some examples of prospective condensed matter science growing 
out of neutron nuclear research. 
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Fig. 10 Current-mode neutron detection. The spectrum shown was 
collected in about 0.3 seconds. See text for details. 

A. Bragg-Edge Diffraction 

Several years ago demonstration experiments” were reported which suggested 
the use of Bragg-edge diffraction for extending the power and breadth of 
neutron diffraction research. Fig. 11 shows an example of such a measurement 
on a 2-cm thick slab of iron. The sharpness of the peaks allows a measure of 
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the internal stress and the relative sizes allowed a determination of the texture. 
This approach offers high resolution because of the absence of scattering angle 
and sample thickness contributions to the resolution. The geometry is simple 
since it is a straightforward transmission experiment and the angular structure 
of the detector need not be dealt with in data collection. The transmission 
geometry also allows the collection of position-sensitive data on the sample so 
that high resolution position-sensitive stress distributions, etc could be 
measured. The natural geometry for this experiment is substantially different 
from the scattering geometry in that the few cm2 sample should be placed 
relatively close to the source and a large area detector placed far away for best 
resolution. 

4 6 I 
’ 

Neutron Energy (mev) 

Fig. 11 Bragg-edge diffraction measurement on a 2-cm thickness of 
natural iron. The numbers at the edges in the figure are the sum of the 
squares of the Miller indices for the various scattering planes. 

1. High Resolution Diffraction 

The geometry of the P- violation experiment described above is essentially that 
required for high resolution Bragg-edge diffraction. The 60-M detector should 
make possible resolution equivalent to a scattering geometry path length of 
120 M. Also the current-mode large area neutron detector is operational and 
make possible data collection at the high rates necessary for practical 
diffraction experiments in transmission geometry. 
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2. Diffraction Using Polarized Neutrons 

Polarized neutrons are available on this beam line along with spin flippers and 
polarization transport apparatus. The LMN transmission filter is not the most 
effective neutron polarizer for the thermal range. The rising cross section of 
hydrogen as the energy decreases into the thermal range improves the 
polarization substantially above the eV range value of about 55%. However 
the transmission of the neutrons decreases rapidly as the neutron energy 
decreases. The practicality of polarized neutron diffraction remains to be 
demonstrated with the present system. Of course planned improvements in the 
system using filter materials such as butanol could improve the polarized 
neutron intensity in the thermal range. The full development of the potential 
of the laser-polarized 3He should make this geometry highly effective for this 
field of work. 

3. Stress Distribution Studies 

The Bragg-edge geometry has the feature that the sharpness of the edges is 
different as a function of position on the sample if the stress distribution varies 
over the sample. This position information can be measured with either of two 
position-sensitive detector arrangements. In either case the incident neutron 
beam should be as nearly parallel as possible and the neutron detector should 
be located close behind the sample to reduce parallax. Data could be collected 
at a short flight path by scanning a small current-mode detector across the 
sample with position resolution determined by the detector size. This 
geometry would be suitable where low wavelength and position resolution is 
adequate and high measurement speed is important. 

Alternatively a high efficiency position-sensitive detector” could be used with 
resolution as good as 0.5 mm. The data collection rate for this class of detector 
is usually too low for use in the direct beam at LANSCE unless the sample 
and detector are placed a long way from the moderator. Therefore this mode 
would make possible better wavelength and position resolution but with much 
longer measurement time. Position-sensitive stress measurements could prove 
valuable for industrial application such as stress distribution in welds. 

4. Strong Transient Diffraction 

Strong transient diffraction is defined here as the study of the response of a 
sample to a sudden change in its condition such as would be caused by sudden 
heating by a strong current pulse or by sudden compression from a hammer 
blow. Obtaining the time history of a phase transition induced by these means 
might be the objective of such an experiment. Another might be to study the 
time history of the stress under such transient conditions. It appears that 
LANSCE now has the capability to conduct such experiments using a single 
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PSR pulse. The experiment requires the very high pulsed neutron intensity of 
the PSR, the Bragg-edge geometry, and current-mode neutron detection. 

The idea is to look at the change in position and shape of a sequence of Bragg 
edges as the transient is imposed upon the sample. Each edge therefore 
provides both strain and compression information. Since the neutrons arrive 
at the sample at different times for each Bragg edge, a time seauence of this 
information can be obtained with a single PSR pulse for a transient which 
takes the samnle to destruction. Table III lists parameters for such an 
experiment on a l-cm’ area by 2-cm thick iron sample located at a flight path 
length of 6 meters using a collimated beam on a detector which collects all 
neutrons transmitted through the sample. Counting rate estimates indicate 
that seven frames could be measured over a time interval (at the sample) 
extending from 2.2 to 6.2 milliseconds after a particular PSR pulse. The typical 
size of a Bragg- edge step in transmission is about 0.3 and ten points across 
each edge could be obtained with a statistical accuracy of 0.01. It is of interest 
to note that the time required for a sound wave to cross the sample is about 4 
microseconds. 

Table III. Parameters for Strong Transient Diffraction Experiment. 

Target Yield in Thermal Range 
Solid Angle (1 cm* at 6 meters) 

0.4 n/p-sr-eV 
2.8 x 10” 

Protons per pulse (12 Hz) 5 x lOI 
Channel Width (ev) (2dUL)E 2.2 x 10” 

Incident Neutrons = 1.2 x 1 Q4 
Statistical Accuracv = 0.01 
Transmission Chanae aeak of l-cm iron = 0.65 at 2 1 1 , , 
MultiDIe Frames Der Pulse Indiceq Time microsecondg 

3,2,1 2200 

2,292 2550 

3,190 2800 

2,2,0 3100 

2,131 3600 

2,&O 4350 
1,190 6200 

8. eV Inelastic Neutron Scattering 

The ability to measure energy transfers in the eV range at low momentum 
transfers would be a powerful addition to the array of experimental techniques 
available at pulsed sources. Attempts12 to establish this capability using 
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materials possessing narrow neutron resonances in transmission or capture 
geometry have not been entirely successful because of both limited intensity 
and the resolution limit of a few percent. However enough has been learned 
that it is clear that a resolution of a few tenths percent with adequate intensity 
would probably have a major impact on condensed matter physics studies. 

Two new avenues are available at LANSCE for attempted improvements. The 
first involves the use of the LANSCE through-tube which makes possible the 
emplacement of a resonance scatterer near the moderator which would scatter 
down the flight path only neutrons at the resonance energy. The resolution of 
the neutron pulse is determined by the resonance shape and not by the time of 
flight. By appropriately filtering this pulse it might be possible to improve the 
resolution into the interesting range while maintaining adequate intensity and 
low background. 

The second possibility is the use of polarized beams, spin rotation and 
polarized detectors to develop a means of high resolution neutron 
spectroscopy similar in some ways to the spin-echo technique13. At LANSCE 
the ingredients available for testing such an idea include high intensities of eV 
polarized neutrons, high current spin rotation solenoids, long drift tubes, and 
prospects for a polarized 3He neutron detector. 

C. Resonance Neutron Radiography 

Resonance neutron radiography takes advantage of the distinctive resonance 
properties of materials for quantitative assay of samples in both a chemical and 
isotopic sense and for distribution assay of samples with a position resolution 
of OSmm. The practicality of resonance neutron radiography has been 
demonstrated using neutron sources far weaker than modern spallation 
sources. However the implementation of a facility which can make available 
the power of the method at a spallation source for a broad spectrum of 
applications remains to be done. The full development of the potential of the 
method probably requires the active involvement of staff with extensive 
experience in neutron nuclear spectroscopy in the eV and keV range. 

Extensions for Neutron Nuclear Physics at LANSCE 

In this section new experiments in nuclear physics for spallation sources will be 
described. The power of the polarized beam facility on P-2 and the unstable 
target facilities on FP-4 at LANSCE and also the demand for time on these 
beam lines forecloses the possibility of expanding the scope of the neutron 
nuclear physics effort at LANSCE for the foreseeable future except through 
the implementation of at least one new flight path. This flight path should 
have the potential for extension to 300 M and eventually to 600 M. Apparently 
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FP-15 at LANSCE is the only unoccupied flight path which can be extended to 
these distances. 

A. Electric Polarizability of the Neutron 

In the absence of T-violation the neutron has no static electric dipole moment. 
However an induced dipole moment appears as the neutron closely 
approaches the strong field of a heavy nucleus such as lead. The field induces a 
moment through which the neutron and the nucleus can interact. There is as a 
result a small contribution to the scattering cross section which in principle 
can be detected either in the total or the scattering cross section at back 
anglesr4. The size of this cross section has been estimated” using quark 
models both for the neutron and the proton and the polarizability appears to 
be measurable for both particles. The proton polarizability is being measured 
in high energy electron scattering experiments. LANSCE appears to be an 
excellent neutron source for studying the neutron. Preliminary evaluations of 
the experiment indicate the need for a flight path of lOO- to 150-M length and 
that a sensitivity three to ten times smaller than the predicted polarizability 
could be achieved at LANSCE. This would be quark physics using eV 
neutrons! 

B. Neutron Gravitation 

Interest continues on a comparison of the value of small g for the neutron 
compared with that for macroscopic objects. The value of small g has been 
measured by comparing the value of a scattering length measurement using a 
reflectometer with that from other methods. An accuracy of 3 X 10e4 is 
claimed16 for a value of g, which agrees with the geophysical value. By taking 
advantage of the high intensity at LANSCE and a flight path of 300 M it 
should be possible to extend the accuracy to 1 X 10e5. If the flight path were 
extended across a lOO-meter deep by 2Wmeter wide canyon to about 600 
meters, the first “fifth force” experiment looking for a short range contribution 
to the gravitational field for an elementary particle might be performed. Both 
experiments would likely be viewed as milestone experiments in the field of 
gravitation. 

C. Neutron Capture Gamma Ray Spectroscopy 

The field of neutron capture gamma ray spectroscopy has been rather well 
studied with thermal neutrons. However the scope of the experiments in terms 
of scientific questions is greatly expanded by studies using resonance neutrons. 
Such studies at electron linacs have been greatly hampered by the low neutron 
intensity and the intense gamma flash. Both limitations can be resolved by 
using a LANSCE-class spallation source for studies in the eV and keV range. 
By working at longer flight paths the duty cycle advantage of the linac is also 
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substantially overcome. It seems likely therefore that this field could be greatly 
advanced by experiments conducted using 100- to 200-M flight path distances. 

D. eV and keV Spectroscopy 

The field of neutron resonance spectroscopy advances steadily through a 
variety of experiments. The research is driven by the interests of basic science 
and the continuing need for nuclear data for technology. Most experiments 
could be done better at LANSCE than at the best electron linacs in current 
use. One could therefore envisage a broad program of eV and keV neutron 
spectroscopy conducted on a long flight path equipped with several 
experimental stations. Highlight experiments in neutron electric polarizability 
and neutron gravitation would be supplemented with applied studies such as 
resonance neutron radiography. 

Experimental Cell for PSR Beam 

The PSR now provides the world’s most intense bursts of protons and 
neutrons. When the PSR improvement program reaches design specs, the 
intensity will be still higher by a factor of three with an instantaneous current 
of 25 amperes, and a proton power level of 30,000 megawatts. The parameters 
of the intense pulse are summarized in Table IV. 

Table IV. Proton Storage Ring Output Beam Parameters 

Proton Energy 800 MeV 

Pulse Width 0.27 microseconds 

Stored protons 5 x lOI3 

Instantaneous Current 25 A 

Proton Power Level 30 GW 

Neutrons per pulse 1ol5 

Total Proton energy 8kJ 

Presently there is no available experimental area for direct access to this 
intense proton pulse. Such space would make possible a number of noteworthy 
experiments which would not be practical anywhere else. These experiments 
would typically use only a small part of the PSR output and many might fall 
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into the class of single pulse experiments. Frequent and close access to the 
experimental apparatus by personnel would be a characteristic of the required 
experimental cell. Some of the experiments which might be conducted are 
briefly described below. 

A. PSR-Driven Neutron Multiplier 

Neutron production from spallation reactions can be multiplied by large 
factors using a fission multiplying assembly. These assemblies range from high 
repetition rate devices such as the new multiplier at ArgonneI with modest 
effective neutron amplification of a factor of three to slower devices with 
greater amplification and even conceptual designs with multiplication by 1000 
which allow for core disassembly during the multiplication process while still 
maintaining a slow repetition rate capability’*. Using a spallation driver also 
provides more control over pulse width and delayed neutron backgrounds, and 
more flexibility in some aspects of mechanical design for pulsed reactors. 

The concept most likely of interest to Los Alamos would be a facility 
operating at an average power level of less than 1 MW with high multiplication 
and therefore repetition rate of 1 to 0.001 Hz. The impact on LANSCE 
neutron production would be negligible while the intensity of the neutron 
pulses would be much larger than those at LANSCE and close access to the 
source could be available. One can imagine a broad array of studies in 
condensed matter and nuclear research, radiation effects, and radiography. 

B. Ultracold Neutron Facility 

The ultimate storage density of ultracold neutrons depends on the highest 
instantaneous density of cold neutrons which can be produced. Realization of 
advantages from pulsed neutron sources requires the use of synchronized 
reciprocating collectors which have been demonstrated19. The collection 
efficiency also can be enhanced if the facility geometry allows close access to 
the proton beam line or to a multiplier askmblp. Stored neutron quantities 
substantially exceeding that available at the best reactors are in principal 
possible if one takes advantage of all the features of the most intense 
spallation sources and of any associated multiplier assemblies. 

A broad array of experiments would be possible with higher densities of 
ultracold neutrons than presently available including the search for the 
neutron electric dipole moment, the search for T-violation in neutron decay, 
improved accuracy for the neutron half-life, more than an order of magnitude 
improvement on the measurement of small g for the neutron including the 
search for a gravitational spin dependence, neutron-antineutron oscillations, 
improving the limit on the neutron charge, and surface studies in condensed 
matter physics. 
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C. Lead Slowing-Down Spectrometer 

The lead slowing-down spectrometer provides a means of greatly enhancing 
the neutron intensity available for some classes of neutron spectroscopy in the 
eV and keV range. A cube of lead usually about 1 meter on a side is driven 
with a pulse of MeV neutrons. As the neutrons moderate, a correlation 
develops between the neutron energy in the block and the time after the block 
was pulsed. The intensity gain over a conventional drift tube experiment at 7 
meters can be four orders of magnitude while giving up a factor of ten in 
resolution. The PSR could drive such an assembly with four orders of 
magnitude more average or pulsed intensity than has been used up to the 
present2’. Such a facility offers its best advantage in measurements of very 
small neutron reaction cross sections or measurements on very small samples. 

D. Neutron-Neutron Scattering 

The neutron-neutron (n-n) scattering length has never been directly measured 
and a value to an accuracy of a few percent is of great interest. Experiments on 
the edge of practicality have been proposed for steady state thermal neutron 
sources. Since the scattering rate in an n-n scattering length measurement 
depends on the square of the neutron flux, the spallation pulsed source has a 
decided advantage over the steady state reactor. 

A cavity could be built close to a spallation source or better yet close to a 
neutron multiplier assembly containing a gas of thermal neutrons which is 
viewed by a detector through a collimated path which does not allow the 
detector to see the cavity walls. With a cavity containing a low pressure of 
hydrogen gas, the scattering rate will be proportional to the neutron flux so 
that the flux may be measured. The n-n scattering rate may be separated from 
residual gas scattering by measurement of the scattering rate for different 
pulse intensities. Although a calculation has not been done fyr a spallation 
source, it has been done for a pulsed reactor22. For a flux of 10 ’ n/cm2-set, a 
cavity lO-cm long, and lO-cm in radius, a detector distance of 12 meters, a 
detector radius of 10 cm, and a pulse width of 6 milliseconds, the detected n-n 
scattering rate is 30 neutrons per pulse. 

E. Optical, X-ray, and Gamma-ray Lasers 

The 30,000 megawatt power level of the PSR proton pulse offers substantial 
potential for use in driving a wide spectrum of laser types. Optical lasers 
certainly could be driven and an experiment already has begur? at LANSCE 
to do this in front of the tune-up beam dump in the PSR hall. Of greater 
interest would be driving an x-ray laser through the electron excitation 
produced by the proton beam or a gamma-ray laser through nuclear 
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excitations created by the protons directly or perhaps through the neutrons 
generated by the beam. 

An x-ray or gamma-ray laser driven by the same facility used in neutron 
production would be a powerful adjunct to condensed matter physics. 
Undoubtedly many new experimental techniques not possible with 
synchrotron radiation could be developed and many conventional experiments 
could be done better with a super-intense high coherence keV photon beam. 
It seems likely that many experiments in fundamental physics such as quantum 
mechanics tests, etc. might also be possible using a beam with such 
characteristics. 

Conclusion 

The spectrum of neutron nuclear science, which stretches from 0.01 eV to 800 
MeV, is clearly a rich field of research which is ripe for development and 
facilities are now in place at Los Alamos for studies throughout the energy 
range. So far, however, no spallation facility includes a cell providing direct 
access to the intense pulsed proton beams. Such a capability would broaden 
much further the power of the spallation source for research. Hopefully the 
ICANS community will encourage exploration of the full spectrum of science 
which the Advanced Neutron Sources make accessible in order to provide the 
strongest possible case for the next advance in pulsed neutron intensity. 

References 

1For earlier descriptions of LANSCE-related facilities for neutron nuclear 
physics research and research progress see: C. D. Bowman, 
“Spallation Sources for Neutron Nuclear Physics”, in Properties of 
Neutron Sources, Proceedings of an IAEA Conference, Leningrad, 
USSR, IAEA-TECDOC-410, 396 (1986). Also P. W. Lisowski, S. A. 
Wender, and G. F. Auchampaugh, Proceedings of a Conference, 
“Nuclear Data for Basic and Applied Science“, Santa Fe, NM, 
Gordon and Breach, New York, NY, p. 1245 (1986). Also C. D. 
Bowman, “New Opportunities in Neutron Capture Research Using 
Advanced Pulsed Neutron Sources”, Inst. Phys. Conf. Ser. No. 88/ J. 
Phys G: Nucl Phys. 14 Suppl. S339 (1988). Also C. D. Bowman, “New 
Neutron Physics Using Spallation Sources”, Proceedings of the 
International Conference on Nuclear Data for Science and 
Technology, Mito City, JAPAN, (1988) 

*C. D. Bowman, S. A. Wender, and G. F. Auchampaugh, AIP Conference 
Proceedings No. 184, “Neutron-Nucleus Collisions, A Probe of 
Nuclear Structure”, Burr Oak State Park, Ohio, p. 259 (1984) 



Opportunities for research 243 

sS. A. Wender and P. W. Lisowski, Nucl. Inst. and Meth. B24/25,897 (1987) 

‘P. E. Koehier, C. D. Bowman, F. J. Steinkruger, D. C. Moody, G. M. Hale, J. 
W. Starner, S. A. Wender, R. C. Haight, P. W. Lisowski, and W. L. 
Talbert, Phys. Rev. C37,917 (1988) 

6V. P. Alfimenkov et. al. Sov. J. Nucl. Phys. 39,665 (1984) 

6P. Kabir, Phys. Rev., D25,2013 (1982) 

7C. D. Bowman, J. D. Bowman, and V. W. Yuan, “Parity Violation in the 
0.734 eV Neutron Resonance in 13%a” Submitted to Phys. Rev. 
(1988) 

*K. P. Coulter, T. E. Chupp, A. B. McDonald, C. D. Bowman, J. D. Bowman, 
J. Szymanski, V. W. Yuan, G. Cates, D. R. Benton and E. D. Earle - 
“Neutron Polarization with a Polarized 3He Spin Filter”, Submitted to 
Phys. Rev. (1988) 

QG. A. Keyworth, et. al., Phys. Rev. C8,2352 (1973) 

1 OR. G. Johnson and C. D. Bowman, “High Resolution Powder Diffraction by 
White Source Transmission Measurements”, Argonne Conference on 
Neutron Scattering, 1981. Am. Inst. Phys. Conf. Proc. 89 (1982) 

l l R. A. S&rack, International Advances in Non-destructive Testing, Vol II, 
pp 219-249, Gordon and Breach (1985) 

l 2 R. G. Johnson and C. D. Bowman, Phys. Rev. Letters 49,797 (1982) 

l sF. Me&, Nucl. Instrum. and Meth 164,153 (1979) 

l ‘J. Schmiedmayer, H. Rauch, and P. Riehs, “Measurement of the Electric 
Polarizability of the Neutron” Submitted to Phys. Rev. Letters (1988) 

l 6G. Dattoli, G. Matone, and D. Prosperi, Lettere al Nuovo Cimento 19,601 
(1977) 

l 8 L. Koester, Phys. Rev. D 14,907 (1976) 

l 7 J. M. Carpenter, “Booster Targets and Moderator Characteristics” These 
proceedings 

l 8L D. P. King, “Disposable-core Fast Burst Reactors”, Proceedings of the 
National Topical Meeting on Fast Burst Reactors held at The 



244 Opportunities for research 

University of New Mexico, Albuquerque, Jan 2830,1969, USAEC 15 
Symposium Series. 

1 gJ. W. Lynn, W. A. Miller, T. W. Dombeck, G. R. Ringo, V. E. Krohn, and 
M. S. Freedman, Physica 12OB, 114 (1983) 

2 OH. Yoshiki, S. Ishimoto, and M. Utsuro, Z. Phys. B67,161 (1987) 

2 lR. C. Block, R. W. Hockenbury, D. S. Cramer, E. Bean, and R. E. Slovacek, 
NBS Special Publication 425, Nuclear Cross Sectiona and Technology, 
p. 93 (1975) 

2 2W. C. Dickenson, E. M. Lent, and C. D. Bowman, “An Analysis of a 
Proposed n-n Scattering Experiment”, UCRL Report 50848 (1970) 

2 3 M. V. Hynes, Private Communication (1988) 



245 

Introduction to maximum entropy 

D. S. Sivia 
Theoretical Division and Los Alamos Neutron Scattering Center 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

ABSTRACT: The maximum entropy (MaxEnt) principle has been 
successfully used in image reconstruction in a wide variety of fields. We 
review the need for such methods in data analysis and show, by use of a very 
simple example, why MaxEnt is to be preferred over other regularising 
functions. This leads to a more general interpretation of the MaxEnt method, 
and its use is illustrated with several different examples. Practical difficulties 
with non-linear problems still remain, this being highlighted by the notorious 
phase problem in crystallography. We conclude with an example from 
neutron scattering, using data from a filter difference spectrometer to contrast 
MaxEnt with a conventional deconvolution. 

1. Introduction 

In many scientific experiments, the quantity of interest f is related to the data d 
through some transformation 0 and noise Q: 

d = 0.f + CJ. 

For example, f might be the radio-flux distribution of an astronomical source, the 
momentum distribution of atoms in liquid helium, or the scattering law in a neutron 
scattering experiment, and so on. The transformation operator 0 might represent a 
Fourier transform or a convolution with an instrumental resolution function. The job 
of data analysis is to infer the desired quantity f from the data d. 

The simplest way of deriving an estimate of f, P, from the data is to apply the 

inverse transform 0-t to the data: P = 0-t .d. In many cases, however, we cannot 
do this because the inverse operator does not exist, often because we have missing 
data. We cannot Fourier transform a data set, for example, if we have unmeasured 
data. Even if we can compute the inverse transform, our reconstruction will have 
many artifacts because we have not taken into account the fact that the data were 
noisy: 

P = 0-l .d = f + 0-l .CJ . 

We will illustrate the effects of noise on the direct inverse graphically in Section 6. 

The fact that the data are both noisy and incomplete means that our problem is 
fundamentally ill-posed-there are many reconstructions of f permitted by the data. 
We can consider all the reconstructions that would give data consistent with those 
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actually measured by setting up a misfit statistic-_x2 is often appropriate: 

k=l (3k 

where dk is the kti measured datum, with error-bar CQ, and 8 k is the COITeSpOndiIIg 

datum that a trial reconstruction P would produce in the absence of noise: a k = [O . 

Elk. Those reconstructions that give x2 I N are deemed to have “fit the data” and 

constitute the feasible set of P. This feasible set, however, is incomprehensibly 
large: suppose we wish to reconstruct a 2-d image on an 8x8 pixel grid with just 16 
grey levels: this gives a total number of 1O77 possible reconstructions. Even if the 
data restricted the intensity of each pixel to vary only by (*) one level on average, the 
feasible set would still consist of 1030 possible reconstructions. This is enormous if 
you compare it with age of the universe, which is only 1017 seconds. Real problems 
are typically 128x128 pixel grids with 256 grey levels! 

As we cannot even comprehend the total number of solutions, let alone compute and 
display them, we are forced to make a selection. We would like to say this is our 
(“best”) estimate of the true f. Which solution should we select? 

2. The principle of maximum entropy 

If f is a positive and additive quantity-for example, a probability density function, 
or the intensity distribution of an optical picture, or the radio-flux distribution of an 
astronomical source-then the MaxEnt principle states we should choose that 
solution which maximises the Shannon-Jaynes entropy S (Jaynes 1983, Skilling 
1988): 

S = C fj - mj - fjlOg(fj/mj) , 

where fj is the flux in the jrh pixel of the digitized reconstruction of f, and (mj) is a 
starting model which incorporates any prior knowledge we have about f; in the 
absence of any such knowledge, all the rnj are set equal. If f is a normalised quantity 
such that C fj = 1 and (mj) is constant, then entropy reduces to the more familiar 
fOMl--C fjlOg(fj). 

But why should we choose the MaxEnt solution? We shall try to answer this 
question by using a specific, and very simple, example and then give a more general 
interpretation of the MaxEnt choice. 

2.1 The kangaroo problem 

MaxEnt is not the only regularising function used in image reconstruction: several 
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have been recommended. We will follow Gull & Skilling (1983) in using the 
kangaroo problem to demonstrate our preference for the MaxEnt choice over the 
alternatives. It is a physicists’ perversion of a mathematical argument given by 
Shore & Johnson (1980), where they formally show that MaxEnt is the only 
regular&g function that yields self-consistent results when the same information is 
used in different ways. The kangaroo problem is as follows: 

Information: (1) One third of kangaroos have blue eyes. 
(2) One third of kangaroos are left-handed, 

Question: On the basis of this information alone, estimate the 
proportion of kangaroos that are both blue-eyed and 
left-handed. 

Clearly, we do not have enough information to know the correct answer: all 
solutions of the type shown in the 2x2 contingency table of Fig. 1 (a) fit the data- 
these constitute thefeasible set of solutions, each of which is equally likely. Figs. 
l(b)-(d) show three of the myriads of feasible solutions: namely, the one with no 
correlation and the ones with the maximum positive and negative correlations, 
respectively. Although the data do not allow us to say which is the correct solution, 
our common sense compels us to the uncorrelated solution if we are forced to make a 
choice-no other single choice is defensible. 

(c) Maximum positive correlation 
(d) Maximum negative correlation 

Table 1 shows the result of selecting the solution by maximising four commonly 
used regularising functions. For this very simple example, where common sense tells 
us the ” best” answer when faced with insufficient (but noise-free) data, it is only the 
Shannon-Jaynes entropy that yields a sensible answer! 

Regularisation function 

Table 1 

Proportion blue-eyed and left-handed (x) Correlation 

r _ Z fjlOg(fj) 

- X fj2 

x log(fj) 

Z fj’12 

1P Uncorrelated 

l/12 Negative 

0.13013 Positive 

0.12176 Positive 
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Can we interpret the MaxEnt choice more generally? 

2.2 The monkey argument 

Our common sense recommended the uncorrelated solution because, intuitively, we 
knew that this was the least committal choice. The data itself did not rule out 
correlation but, without actual evidence, it was (a priori) more likely that the genes 
controlling handedness and eye-colour were on different chromosomes than on the 
same one. Although we cannot usually appeal to specific knowledge like genes and 
chromosomes, we can use the monkey argument of Gull 8z Daniell (1978) to see 
more generally that the MaxEnt choice is the one that is maximally non-committal 
about the information we do not have. The monkey argument can (again) be thought 
of as a physicists’ perversion of the formal work of Shannon (1948) showing that 
entropy was a unique measure of information content. The monkey argument is as 
follows: 

Imagine a large team of monkeys who make images (f), at random, by throwing 
small balls of flux at a (rectangular) grid. Eventually, they will generate all possible 
images. If we have some data relating to an object (f), we can reject most of the 
monkey images because they will not give data consistent with the experimental 
measurements. Those images that are not rejected constitute the feasible set. If we 
are to select just one image from this feasible set, the image that the monkeys 
generate most often would be a sensible choice. This is because our hypothetical 
team of monkeys have no particular bias, and so this choice represents that image 
which is consistent with the measured data but, at the same time, is least commital 
about the data we do not have. This preferred image is the MaxEnt solution. 

3. Model-fitting and least squares 

The quantity of interest f is usually a continuous quantity. For computational 
purposes, however, we digitize it into a discrete set of pixels (fj}. This is not a 
limitation because we can digitize as finely as we like, but it does result in us having 
to estimate a large number of parameters (flux in each pixel) from a relatively small 
number of data. The problem tends to be grossly under-determined and, hence, we 
use Matint to help us. 

Sometimes we are more fortunate in that we have a functional model for f-the sum 
of six S-functions, or two Gaussians, for example. In this case f can be 
parameterised by a handful of variables. We now have to estimate a small number of 
parameters from a relatively large number of data-the problem is over-determined. 
In these cases, and with suitable assumptions, the method of least squares is usually 
appropriate. 

If we have a sound basis for our model, then model-fitting with least squares will 
give more accurate results than MaxEnt-we are using much more prior knowledge 
in the model-fitting procedure than we are in MaxEnt. If we do not have a functional 
model, or if our model is ad hoc (“tq fitting Gaussians”), then we arc better off using 
MaxEnt, It is possible, and perhaps to be recommended, that we combine the use of 
MaxEnt and model-fitting: use MaxEnt to obtain an initial reconstruction to get an 
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overall picture; if the MaxEnt reconstruction and our prior physical knowledge 
suggest a functional model, then use this in a least squares sense for further 
quantitative analysis. 

4. General examples 

We refer the reader to a comprehensive review by Gull & Skilling (1984) for 
numerous examples of the applications of MaxEnt. With theti kind permission, a 
small selection of these are reproduced in Fig. 2. They illustrate the wide range of 
problems to which MaxEnt is now applied-forensic imaging, radio astronomy, 
plasma diagnostics, medical tomography, and blind deconvolution. 

5. Difficult problems 

The principle of MaxEnt is quite general and can be applied to any problem where the 
object of interest is a positive and additive quantity. Actually, finding the MaxEnt 
solution can be very difficult for non-linear problems because there are many local 
minima of x2 in a large parameter-space (typically lo5 pixels). A particularly well- 
known example is the notorious Fourier phase problem in crystallography, the 
gravity of the situation being graphically illustrated in Fig. 3. We will not pursue 
this topic any further here except to state that, in general, the use of additional prior 
knowledge is essential for these problems (see, for example, Sivia 1987). 

6. The Filter Difference Spectrometer 

We now give an explicit example from neutron scattering-the deconvolution of data 
from a filter difference spectrometer (FDS). For the experimental and spectrometer 
details, the reader is referred to Taylor, et al., (1984). The essential point for our 
purposes is tbat the FDS has a resolution function with a fairly sharp edge and a long 
decaying tail. The Cambridge algorithm was used throughout to maximise the 
entropy (Skilling & Bryan, 1984). 

We start with simple simulations to highlight the differences between MaxEnt and a 
conventional direct inverse under “controlled” conditions. They do not mimic the 
FDS exactly but capture its salient features. For these simulations, the true 
spectrum f(x) (scattering law) is shown in Fig. 4(a): it consists of two spikes 
separated by a low plateau on the left and a much broader peak on the right. This 
“truth” was generated on a grid of 128 pixels and’convolved with a sharp-edged 
exponential e-a, where r = 15 pixels, shown in Fig. 4(b), to create a noiseless data 
set of 128 points. A constant (‘known”) background equal to 10% of the peak datum 
was used and Gaussian random noise with a standard deviation equal to the square roOt 
of each datum was added. Fig. 4@) shows this simulated data set when the peak 
datum was lo* (counts)-essentially noiseless. For this case, both MaxEnt and the 
direct inverse (O-‘.d) gave reconstructions indistinguishable from the the truth (Fig. 
4a). Figures 5 and 6 show the corresponding results when the data were made more 
noisy (fewer counts). The quality of the reconstructions deteriorates for both 
methods. Since the direct inverse does not take into account the fact that the data are 
noisy (Section l), it produces numerous artifacts and deteriorates much more rapidly 
than hJaxEnt. 
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before after 

Maximum entropy deconvolution 

(UK Home Office) 

ME X-ray tomography 
(skull in perspex, EM1 Ltd) 

SNR Cas A at 5 GHz - 1O242 ME image 

(5-km telescope MRAO, Cambridge) 

mmqave Michelson interfero- 
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(Culham Laboratory) 
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Fig. 2 General examples of MaxEnt image reconstruction. Reproduced by 
courtesy of Drs. Gull and Skilling. 
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Fig. 3 A graphic illustration of the phase problem: (a) and (b) are the original 
images. (c) is the (Fourier) reconstruction which has the Fourier phases of (a) and 
Fourier amplitudes of (b); (d) is the reconstruction with the phases of (b) and the 
amplitudes of (a). 
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Fig. 4 (a) Spectrum or idealised scattering law, used in the FIX simulations. (b) A 
first approximation to the FDS resolution function: a sharp-edged exponential. (c) 
simulated data set with very good statistics. (d) A better approximation to the FDS 
resolution function: sharp-edged exponential convolved with a narrow Gaussian. 
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Fig. 5 (a) Simulated FDS data with Fig. 6 (a) Simulated FDS data with a lot 
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Rather than use the sharp-edged exponential above (Fig. 4b), we obtain a better 
approximation to the FDS resolution function if we convolve it with a narrow 
Gaussian (standard deviation of one pixel). The resulting simulated data, with good 
statistics, is shown in Fig. 7(a). Although we can deconvolve this new resolution 
function with the direct method in principle, we will only deconvolve the exponential 
component as is done in practice (Mezei & Vorderwisch 1989). This is because the 
inverse is easy to calculate if there is a sharp edge (by direct substitution), but more 
so because the inverse becomes badly conditioned (very sensitive to noise in the data) 
when the Gaussian component is included. With MaxEnt, however, we can safely 
deconvolve the “smoothed” resolution function. The inverse and MaxEnt 
reconstructions are shown in Figs. 7(b) & (c), respectively. The MaxEnt 
reconstruction shows much imuroved resolution and some noise suppression over the 
direct inverse. 

Data Direct Inverse (Exp Blur), or “Mezei” 

Fig. 7 (a) Simulated FDS data, with 
good statistics, using the exponential 
convolved with a narrow Gaussian 
resolution function (Fig. 4d). (b) Direct 
inverse deconvolution of the 
exponential component, or “Mezei 
method” reconstruction. (c) MaxEnt 
reconstruction, showing that the 
Gaussian component can be safely 
deconvolved to give improved image 
resolution. 

8- 

m 

I ’ I 

(b) 

MaxEnt Reconstruction 

Finally, we show the result of using MaxEnt on a a real FDS data set. The data and 
resolution function were provided by Vorderwisch, experimental and analysis details 
being given in forthcoming papers (Vorderwisch 1989, and Sivia et al., 1989). Fig. 
8(a) shows the Be data for hexamethylene-tetramine (HMT) at 15 K taken at the Los 
Alamos Neutron Scattering Center (LANSCE). Fig. 8(b) shows the conventional 
Filter Di@mce spectrum: a crude hardware deconvolution obtained by subtracting 
the data obtained with Be and Be0 filters. Fig. 8(c) shows the MaxEnt 
reconstruction, and Fig. 8(d) shows this overlaid on the direct inverse reconstruction 
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Fig. 8 (a) FDS data for Hexamethylene-Tetramine, at 15 K, taken with the Be filter 
at LANSCE. The channels are in increasing time-of-flight, or decreasing energy 
transfer. (b) The Filter Difference spectrum, or a crude hardware deconvolution 
obtained by subtracting data obtained with Be and Be0 filters. (c) The MaxEnt 
reconstruction. (d) The direct inverse, or “Mezei method”, reconstruction (dots) 
overlaid on the MaxEnt reconstruction. 

mentioned above. As expected, we find that MaxEnt has improved the resolution and 
reduced the noise. The improvement is obvious, but not dramatic, in this particular 
example, because we had good statistics and the intrinsic Gaussian-like contribution 
to the resolution function is very narrow with little effect. 

7. Concluding remarks 

We have shown that MaxEnt provides an optimal criterion for selecting a positive 
image when faced with incomplete and noisy dam. The MaxEnt choice can be 
interpreted as the maximally non-committal solution that is consistent with the data. 
As such, it tends to be less noisy and has fewer artifacts than conventional methods, 
thus making it easier to interpret the results. 
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We mention in passing that a unified approach to all data analysis (MaxEm, model- 
fitting, or whatever) can be achieved by casting all such problems in the probabilistic 
framework of a Bayesian analysis. This not only gives us the way to select the 
optimal answer to any given problem, but it also tells us how to estimate the 
reliability of that solution; unfortunately, however, the error analysis is usually 
impossible to implement in practice except for the smallest of problems. The 
difficulty does not arise because we are using MaxEnt, but because we are trying to 
estimate a large number of parameters. 
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New instruments at IPNS: POSY II and SAD II 
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USA 

Introduction 

Three new instruments are currently in varying degrees of development/construction 
at IPNS. One of these, the Glass, Liquid, and Amorphous Materials Diffractometer 
(GLAD) is the subject of a separate papert in these proceedings and so will not be 
discussed further here. The other two, a second neutron reflectometer (POSY II) and 
a second small-angle diffractometer (SAD II), are described briefly below. 

POSY II 

The polarized neutron reflectometer (POSY) has been operating at IPNS since 
1984t21. Recently, it was shown that by utilizing the large difference in scattering 
from H and D to measure chemical profiles rather than the magnetic profiles for 
which POSY was designed, such a neutron reflectometer could measure chemical 
density profiles with resolution unmatched by other techniques131. Users in the 
polymer science community indicated a real need for such an instrument-they could 
provide enough problems to saturate the time available at POSY. Typical problems 
include interdiffusion of two similar polymers; concentration gradients for polymers 
in solutions both at the surface and at solid boundaries; and the mixing of chemically 
different polymers, or polymeric chains with a head and a tail, such as block 
copolymers-all over a length scale (lnm) not easily probed by other techniques. 

To help satisfy such a greatly expanded user community and because POSY had been 
conceived and optimized for magnetic studies and, consequently, is not best suited for 
polymer work, it was decided to split the neutron beam at beam line C2, which 
serviced only POSY, for use by both POSY and a new instrument (POSY II) that is 
dedicated totally to polymer research. Figure 1 shows the arrangement of the two 
instruments on the two beams brought out through the single bulk-shielding 
penetration. (Beam penetrations in the IPNS bulk shielding are 30 to 35 cm wide, 
allowing these two narrow beams to achieve an angular separation of 3.7“ within the 
same penetration.) This construction effort, with half of its cost being financed by 
IBM, is well along, and POSY II and the rebuilt POSY are scheduled for 
commissioning in Fall 1988. Table I gives some parameters of the two instruments. 

In the new arrangement the original POSY will be restructured, implementing 
modifications previously tested. The sample will not view the direct beam because 
this will be doubly reflected by a pair of polarizing supermirrors. These mirrors are 
made of layers of cobalt and titanium of progressive thickness on an anti-reflecting 
backing of gadolinium and were prepared by Dr. 0. Sch&pf at Grenoble on 
accurately polished borosilicate glass. The pair of mirrors are part of a newly 
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Fig. 1 The reflectometer complex at the IPNS beam line C2. The heavy-duty 
sample goniometer on POSY can accommodate an electromagnet, a cryostat, or an 
ultrahigh vacuum chamber, while that on POSY II is a high-precision Huber 
goniometer to support a temperature-controlled polymer sample cell. 

developed “resonant spin flipper” (Fig. 1) to reject neutrons whose wavelengths do 
not correspond to their nominal time-of-flight, thus sharpening the resolution and 
improving the background. This device consists of a supermirror spin polarizer, a 
Drabkin flipper resonantly scanned to flip spins only of the correct wavelength for 
the current flight time, and a supermirror spin analyzer to reject the unflipped spins[a. 
POSY will still use its original microchannel-plate detector. Appropriately placed 
collimators (not shown in the figure) in the external portion of the incident beam 
will allow its tailoring to the size of the sample. Samples of magnetic interest are 
expected to exhibit surfaces of the order of 1 to 2 cm2. 

The design of POSY II reflects the requirements for polymer work. The samples 
used here have surfaces of several tens of cm2. The reflectivity will be measured over 
a wide range of momentum transfers. Because of the increased surface size, slightly 
relaxed collimation, and absence of polarization analyzers, POSY II should have data 
rates several times those of POSY. 

Table I 

Source-sample distance (cm) 
Sample-detector distance (cm) 
Detector horizontal range (cm) 
Detector resolution mm) 

6 Wave-vector range ( -l) 
Wave-vector resolution (A-l F%VHM) 
Beam size at moderator (cm2) 
Beam size at bulk-shield exit (cm2) 

POSY 
831 
60 

;*: 
0.0 -‘0.07 

-0.003 
2.6 x 10.3 
0.54 x 5.8 

POSY II 
623 
178 
20 
2 

0.0 - 0.25 
-0.003 

2.6 x 10.3 
0.84 x 6.4 
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Particular attention has been given to making POSY II easy to operate by external 
users. Thus, for instance, the counter consists of a linear-position-sensitive detector 
fixed in a preselected location. This counter has an active area of 5 cm x 20 cm and 
a one-dimensional position resolution (along the long axis) of 2 mm (Ordela, Inc., 
Oak Ridge). The detector is of the gas-proportional type, filled with a 3He-CF4 
mixture, giving an efficiency of 81% at 3 A. 

For this instrument as well, the sample will not be in the direct beam from the 
source. However, it was desired to eliminate the transmission filter used in the past 
(beryllium-cooled by liquid nitrogen) to avoid the small-angle scattering from the 
sintered beryllium and to extend the dynamical range of neutrons to span the 
maximum neutron flux from the solid moderator (“soller mirrors”). Each of the 
mirrors will consist of a disk of silicon 10 cm in diameter and 0.4 mm thick. Both 
faces are covered with 800 A of 58Ni. The whole soller mirror consists of 24 such 
disks, enclosed between flat reference plates, and set at an angle with the incident 
beam to ensnre total reflection for h = 3 A. 

The portions of the POSY and POSY II flight paths within the collimation in the 
bulk shielding will be evacuated, while most portions of the external flight paths for 
both instruments will be He-filled. Both instruments will be equipped with heavy- 
duty sample goniometers capable of supporting a variety of sample mountings and 
environments. 

SAD II 

The Small Angle Diffractometer (SAD) has been operating at IPNS since 1982 and 
has been in essentially its current configuration since 1984. This instrument has 
been severely oversubscribed for several years, with proposals exceeding operating 
time by a factor of two to three. Instrnment oversubscription and our experience led 
us to believe we could now build a significantly improved instrument; therefore, 
consideration of a second SANS instrument at IPNS was begun in early 1986. 
Development of the new instrument (currently designated as SAD II) is under way, 
and the assessment of the final parameters should be completed in 1989. Many of 
the features of the new instrument will be, at least initially, similar to those of SAD. 
However, the new instrument IS intended to have a much better detector system and 
more varied collimation options, leading to greater Q range, and is also intended to 
have a more convenient sample environment than does the present SAD. 

In particular, the instrument will occupy the C3 beam line, where it will view the 
same solid CI-& (or liquid Hz) moderator viewed by SAD. The moderator-to-sample 
distance will be 7.5 m, as in SAD; this is roughly the minimum distance that 
allows room for filters, shielding, interchangeable collimation, etc. The instrument 
will be, at least initially, a filtered-direct-beam instrument in which the moderator, 
sample, and detector are in a direct line. A filter (MgO as in SAD, or oriented single- 
crystal sapphire, probably at 77 K) in the incident beam line will reduce the fast 
neutron flux by roughly two orders of magnitude, while having a transmission of 
greater than 50% for the neutrons of interest (-1-14 A). A second filter of oriented 
single-crystal bismuth will be used to attenuate the gamma rays from the source, if 
necessary. An alternate option, a “beam-bender” that would “bend” the trajectories of 
the long-wavelength neutrons (greater than -1.5 A) away from the main beam of fast 
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neutrons and gamma rays, was considered but does not appear to permit transmission 
to wavelengths as short as those allowed by the filters. The apertures that define the 
beam from the moderator to the face of the bulk-shielding monolith for the initial 
filtered-direct-beam instrument have now been installed, and the necessary 
modifications have been made in the beam gate to accommodate the filter(s). 

A two-dimensional position-sensitive gas-proportional counter detector of nominally 
40 cm x 40 cm active area with 4 mm x 4 mm resolution (Ordela, Inc., Oak Ridge) 
was purchased for this instrument and was received in spring, 1988. This detector is 
filled with 3He and CF, to provide the desired position resolution and neutron 
efficiency (61% at 2 A) while having a low gamma sensitivity. (For comparison, 
the SAD detector has an active area of 17 cm x 17 cm and a resolution of -4 mm x 
4 mm). The position and time-encoding electronics for this detector, as well as the 
rest of the data acquisition system for this instrument, are similar to those on SAD 
and have already been acquired. Data acquisition will initially utilize a PDP- 1 l/24 
computer, which will be replaced with a microvax when the instrument development 
is further along. 

The remainder of the development of the new instrument is expected to proceed in 
stages. Temporary beam-transport, collimation, and sample-environment components 
have been fabricated and will be installed in fall, 1988. These will permit detailed 
testing of the new detector and will also serve as a testbed for the development of 
other instrument components. Of primary importance in this regard are shielding to 
reduce the background to satisfactory levels, the filters discussed above, and the 
angular collimation system for the incident beam. Design and construction of the 
final instrument will depend in part on the outcome of the development and testing 
efforts with this temporary version. 

To achieve the necessary angular collimation in the incident beam while utilizing the 
full source size (-1 cm diameter) requires the use of converging multiple-aperture 
collimation. If the collimation channels are all focused to the same point on the 
detector, then a large sample size will not affect & or the Q-resolution141, even if 
the sample-to-detector distance is short. In SAD such focusing multiple-aperture 
collimation is done with crossed-converging soller collimators, which define -400 
converging beam channels with essentially no “dead” space between them. This 
entire collimator system occupies only a distance of -60 cm along the incident flight 
path, while providing angular collimation of 0.003 radians FWHM. This system has 
worked quite well, producing resolutions in good agreement with the calculated 
values, and the collimators presently in use have produced a cleanly collimated beam. 
These collimators, and improvements needed in such soller collimator systems, are 
discussed elsewhere in these proceedings lsl. One of the uses of the initial temporary 
flight path will be to test (and develop, if necessary) satisfactory collimators to 
provide even tighter resolution than this. 

The practical Qmin with the present set of collimators is -0.005 A-l. With the 
detector spatial resolution noted above, Qh and Q-resolution down to -0.002 A-l 
can be achieved with the 1.5 m sample-to-detector distance simply by installing 
different incident beam collimators with the desired angular divergence in each 
channel. If satisfactory collimators can be produced, several such collimators will be 
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provided in a “cassette” arrangement to permit easy changes in resolution and &. 
A further decrease in & and resolution will require moving the detector further from 
the sample, with a Q-resolution of - 0.001 A-l achievable with this detector 
resolution and at a sample-to-detector distance of 3 to 3.5 m, if the incident beam 
collimation can be made to match. (With the moderator and path lengths being 
considered, the source pulse width is too short to contribute appreciably to the 
resolution for the cases considered here.) The count rate will fall at least as fast as 
the square of the resolution, so it will not be desirable to try to push the resolution 
this far for most cases. Since the multiple-aperture collimation must focus on the 
detector, a different collimator is needed for each sample-to-detector distance; 
therefore, there is no point in having a continuously variable sample-to-detector 
distance in this instrument. 

With a filter in the beam, the minimum usable wavelength will be -1 A. With the 
detector at 1.5 m from the sample and centered on the beam, this will yield usable 
intensity at a G,, of -0.6 A-r. When the detector is operated with the beam near the 
edge of its active area, this could be increased to Q,,, -1 A-l-‘, at some cost in 
intensity at the smaller Q values. However, in some cases it is desirable to have 
Q max even larger than this, and in most cases it is desirable to be able to include 
measurements over a wide range of wavelengths in the high-Q data, so the ability to 
cover even higher scattering angles will be incorporated into the instrument. This 
will be done either by providing a means of rotating the detector about the sample 
position or by supplementing the main two-dimensional detector by an array of linear 
position-sensitive detectors (LPSDs) at higher angles, using the technology for 
position- and time-encoding of such detectors, which has already been developed for 
GLAD. Roughly 40 LPSDs at 1.5 m from the sample would extend continuous 
angular coverage out to a scattering angle of 30’ and a Q,,, -1.6 A-l. 

Even without the new enriched-uranium target just installed at IPNS in 1988, the 
new instrument would have a much higher data rate at high Q than does the present 
SAD (up to a factor of 10 increase at the highest Q presently obtained on the SAD), 
and a Q,,, more than four times that of the present SAD. Under the same 
conditions, at low Q the new instrument would have a data rate comparable to that of 
the present SAD at the same resolution. By tightening the collimation or by 
changing both the collimation and detector position, & down to 0.001 to 0.002 
A-l should be achievable, with a corresponding data rate reduction. However, the 
factor of three increase in source intensity expected from the enriched-uranium target 
should mean that the time required for such higher-resolution measurements will not 
be unreasonable in many cases. 
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The ASPUN project 
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Introduction 

A study of a pulsed spallation neutron sourcellI that could deliver fluxes in excess of 
1 x 1017 N/cm2-s began at Argonne in 1981. A review of various accelerator 
concepts to act as an intense charged-particle source to generate spallation neutrons 
resulted in the selection of a Fixed-Field Altemating-Gradient[21 (FFAG) accelerator as 
the preferred device. 

There are several features of an FLAG accelerator that make it well suited to be the 
charged-particle accelerator for a 1017 N/cm2-s pulsed source. Since the main 
magnets are dc operated, injection time can be long enough to provide for efficient 
injection and adiabatic capture, the rf system can be optimized for maximum use of 
the accelerating voltage, the repetition rate can reach hundreds of hertz because there 

are no 9 effects in the magnets or vacuum chamber, and large transverse and 

momentum acceptances are possible. The large momentum acceptance and rapid 
acceleration helps avoid some of the instability problems. 

The conceptual design has evolved from a spiral-type FFAG with strong edge 
focussing131 to a radial-type FFAG141. The radial-type FFAG allows easier installation 
of the rf cavities at the expense of higher magnetic fields. Since the magnets are dc 
operated, the higher field can be achieved with superconducting coils. 

Repetition rates of 200 to 300 Hz are possible and reasonable with an FFAG 
accelerator; however, the scientific users would prefer a repetition rate less than 
100 Hz. The earliest FFAG designs considered internal stacking in energy space of 
several injected pulses at an energy near the extraction energy and then final 
acceleration of the stacked pulses to full energy and extraction as a single pulse. This 
technique was successfully demonstrated on the early MURA-FFAG accelerators121. 
However, some problems are encountered when applying this technique to a 
spallation source driver in which the goal for efficiency of extracted beam to inject 
beam is 99.9% or better. In order to stack at an intermediate energy, the energy 
spread of the injected beam is limited to be able to stack several bunches into the 
acceptance of the rf bucket. This potentially could reduce the threshold for the 
microwave instability at injection to where beam losses could occur. Also, the 
stacking technique requires adiabatically debunching, merging, and rebunching; with 
virtually no losses, several injected bunches that are accelerated to the stacking energy 
before final acceleration and extraction of the single stacked bunch. A technically 
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less demanding concept using one or two external pulse accumulation rings is 
presently proposed. 

Fixed-field alternating-gradient accelerator design 

The guide field in an FFAG accelerator as a function of radius is given by 

where R is the average radius given by the integrated path length of the accelerated 
particle divided by 271, and BO is the magnetic field at a reference radius R,,. Each 
lattice cell consists of horizontally focussing and defocussing magnets, the latter 
being of weaker field. Meads and Wiistefeld suggest a DFD combinationr41 in which 
the horizontally positive and negative bending fields occupy equal lengths along the 
circumference, but the field of negative bending section is half the field in the 
positive bending section and divided in two equal lengths before and after the positive 
bending section, The magnetic field profile along the particle path is shown in Fig. 
1. 

Fig. 1 
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Azimuthal profile of magnetic field along the path of one cell. 

Figure 2 shows the plan view of a 1500-MeV radial-FFAG accelerator presented by 
Meads and Wiistefeld at the 1985 Particle Accelerator Conference[4]. There are 20 
identical bending magnet sectors that occupy about 35% of the circumference of the 
ring. The value of the field index, k, is 13.4. The parameters for an FFAG 
accelerator for ASPUN are given in Table 1. The transverse B-functions for a half- 
sector are shown in Fig. 3. Deviations of the actual radial position from the mean 
orbit described by a circle with radius, R, are shown in Fig. 4 as a function of 
position along the orbit. 
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Lattice Magnet . 

Fig. 2 Layout of radial-sector FFAG for ASPUN. 

Table 1. Parameters for the FFAG accelerator 

Extraction Energy, MeV 1500 
Extraction Radius, 1ds/2%, m 28.14 m 
Injection Energy, MeV 350 
Injection Radius, hW&c, m 26.37 
Field Index, k 13.4 
Peak Positive Bending Field @ Extraction, T 4.1 
Peak Negative Bending Field @ Extraction, T 1.9 
Peak Positive Bending Field @ Injection, T 1.717 
Peak Negative Bending Field @ Injection, T 0.796 
Horizontal Tune 4.25 
Vertical Tune 3.25 
Horizontal Emittance, mmmr 650 x 
Vertical Emittance, mmmr 500 x 
Repetition Rate, Hz 250 
Maximum RF Voltage, kV 400 
Maximum RF Frequency (Extraction), MHz 1.565 
Maximum RF Frequency (Injection), MHz 1.241 



266 ASPUN Project 

Fig. 3 Horizontal and vertical beta functions normalized to the average radius. 
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Since the magnetic fields of an FFAG accelerator are highly nonlinear, it is necessary 
to ensure that the beam emittances are well within the stability limits defined by the 
nonlinear terms. A computer program written by Meadstsl was used to calculate the 
limits in the vertical and horizontal planes. The 5OO-xmmmr vertical emittance and 
6.50-nmmmr horizontal emittance are shown in relation to the calculated stability 
limits in Figs. 5 and 6, respectively. 

H- beam is injected from a linac on the inside radius of the accelerator. Four bumper 
magnets are used to locally deflect the closed orbit onto a stripper foil for stripping 
the H- to H+. The fields of the bumper magnets are reduced during injection so the 
beam is more uniformly distributed over phase space. Approximately 38.5 mA of 
H- beam is injected over a 500~ps period in order to reach 1.2 x 1014 protons. 

The proposed injection energy is 350 MeV. The incoherent space charge limit for 
number of injected particles, N, is given by 

N= 
z[E,+ Y(u,E,E,)DJ B2y3h,B, 

GF , 
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Fig. 4 Deviation of orbit from a circle of average radius, R, over a single cell length. 

where a, and E, are the horizontal and vertical emittances, l.3 is the relativistic velocity 
of the injected particle, y is the relativistic mass of the injected particle Au, is the 
allowable tune shift, Br is the circumferential bunching factor, rP is 1.54 x lo-l8 m, 
and F is the transverse bunching factor. 

It is planned to program the rf during capture and initial acceleration to keep Br at 
0.375 or larger. It is assumed that the horizontal beam distribution can be made 
reasonably uniform and that the distribution in vertical space will be nearly quadratic. 
These conditions lead to a value of F equal to 1.35. If the allowable tune shift is 
0.25, the space charge limit should be about 1.72 x 1014 protons per pulse. The 
proposed operating level is about 70% of the calculated space-charge limit. 

Acceleration to full energy of 1500 MeV is accomplished in about 2.5 ms, requiring 
an average accelerating voltage of about 260 kV. The design is for a maximum 
voltage of 400 kV to operate at a stable phase angle of 40’. The first 250 p.s after 
injection are used for adiabatic capture of the beam during which time the rf voltage 
increases to about 150 kV. Operation at full voltage does not start immediately after 
the capture period to avoid bunching the beam too rapidly. The rf voltage increases 
from 150 kV to the full 400 kV in about 700 )ts. The whole cycle from start of 
injection to extraction takes 4 ms. During the SOO-u.s injection period, the cavity is 
retuned to the injection frequency, 1.241 MHz. 
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Fig, 5 Limit of beam stability in the vertical plane due to magnet nonlinearities with the 
500-nmmmr emittance shown in shaded area. 

The average accelerating voltage per length of straight section is 10 kV/m for ferrite- 
loaded cavities. Ten straight sections are used for 20 rf cavities developing 20 kV 
each. The beam loading is fairly large with roughly 20% to 30% of the total stored 
energy delivered in each passage of the beam. However, a number of techniques have 
been suggested for handling beam loading at this level[s-81. 

Extraction of the beam is performed in one turn using ferrite kicker magnets located 
on the outside radius of the accelerator. The extracted beam pulse should be about 
160 to 200-ns long. Allowing for some dilution in transverse space that might occur 
during acceleration, the design values for emittances in transverse space are 
E, = 410 zmmmr and ey = 315 zmmmr at 1500 MeV. 

Pulse accumulation to lower repetition rate on target 

The repetition rate on the target is reduced and the charge per pulse increased with the 
use of two external pulse accumulation rings. No design work has been done on 
these rings; however, a conceptual design for an isochronous compressor ring for 
proton beams (IKOR) was done for the SNQ project in 1981[91 and can be considered 
as a proof-of-principle to achieve what is necessary for the ASPUN rings. 



ASPUN Project 269 

Relative Radial Displacement x/<R> 
Fig. 6 Limits of beam stability in horizontal plane due to magnet nonlinearities with 
the 660-7cmmmr beam emittance shown in shaded area. 

The radius of the IKOR ring is 32.2 m. This is compatible with the PPAG for 
ASPUN, which extends to 28.14 m plus another meter or so for the return yoke. 
IKOR was designed for H- to H+ injection and a smaller emittance, whereas for 
ASPUN, the injection would be with two consecutive 150 to 200~ns-long pulses. 
There would be two pulses with about 90-ns spacing in the ring. The fast injection 
kickers must have a 10% to 90% rise and fall time of about 75 to 80 ns and a 
200 ns flattop. The extraction kicker magnet needs a 75-80 nanosecond risetime and 
500 to 600 ns flattop. These requirements are within the present technology for 
ferrite-type kicker magnets. 

The IKOR ring was designed to store 2.7 x 1014 protons at 1100 MeV. Similar 
rings for ASPUN would only need to store 2.4 x 1014 protons at 1100 MeV. The 
ASPUN rings would have to be isochronous at 1500 MeV and would require larger 
magnet apertures, but there is no reason this couldn’t be done. 

Pour out of every five ASPUN pulses would be stored in the accumulator rings. The 
fifth pulse would be directed to the ASPUN target followed sequentially by the pulses 
stored in the accumulating rings. This would mean a train of five pulses arrive on 
target over about a 1.5~ps period, This pulse length is acceptable with regard to 
moderation times for epithermal neutrons. 
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Conclusion 

While the conceptual design for an accelerating system presented here is, in principle, 
able to deliver the required charge per pulse, many features still need to be developed. 
The whole question of controlled losses to 10s3 or lo4 per pulse needs to be explored 
in depth. The goal is to be able to do hands-on maintenance on most of the 
accelerator components and to greatly limit the number of components that will get 
activated to a degree that more elaborate handling schemes are needed. 

No target design has been undertaken at Argonne. The DIANNE target of SNQliOl 
was taken as a proof-of-principle, but that development effort has been stopped. A 
major development effort is needed on the targets and modulators. 

No engineering design has been undertaken for the individual accelerator components. 
There are no components for which the requirement exceeds the limits of the present 
state-of-art. However, the demands on these components are challenging and require 
carefuldesign and considerable prototyping to ensure satisfactory performance. 
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ABSTRACT: We summarise developments on the three scheduled inelastic 
spectrometers HET, TPXA and IRIS and illustrate their scientific programme 
with some recent highlights. We give details of commissioning experiments 
on PRISMA and discuss the status of the eVS and polarisation programmes. 
The status of the MARI project is reviewed. 

Introduction 

ISIS, the worlds most powerful pulsed neutron source, is now operating regularly at 
proton currents of 100 PA. There has been a ten-fold increase in neutron production 
in the last two years, see Fig. 1. This is reflected in both the quality and quantity of 
the scientific programme. Of the 14 beamlines in use, see Fig. 2, nine have fully 
scheduled instruments with over-subscription factors varying from two to four. The 
inelastic instrument suite comprises three fully scheduled spectrometers @ET, TFXA 
and IRIS), two instruments at advanced stages of commissioning (PRISMA and eVS) 
and one (MARI) in the final stages of construction. This paper discusses the current 
state of these instruments together with the polarisation programme at ISIS. 
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Fig. 1 The increase in ISIS beam current over the past three years measured as a 
PA-hr per day. 
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Fig. 2 ISIS neutron beamlines, 
October 1988. 

HET: High energy inelastic spectrometer 

The HET instrument is a direct geometry chopper spectrometer designed specifically 
to study inelastic scattering at high energy transfer with low associated momentum 
transfer and good energy transfer resolution[ll. There has been a diverse scientific 
programme on HET with experiments on localised and itinerant magnetism, 
vibrational density of states, particularly of the new high Tc superconductors and 
momentum density measurements in model systems. 

The major project on HET this year has been the upgrade of the intermediate angular 
range detector between 9” and 29”. The new thin window arrangement with its eight- 
fold azimuthal symmetry is designed to accommodate 256 high pressure 3He detectors 
(Fig. 3). Installation of this array involved a substantial rebuild of the secondary 
spectrometer during the three month long shutdown of ISIS in Spring 1988. The 
incident energy range of the spectrometer has been successfully extended with a new 
chopper slit package designed to operate at energies as low as 35 meV. All the 
chopper systems have been very reliable. With the substantial increase in flux from 
ISIS during the year, the major time loss became the pumpdown time after a sample 
change. This has been halved by the use of a larger turbo pump and a more efficient 
roughing device. Designs for a top loading cryostat with an air lock to allow “bare” 
samples to be changed quickly while still minimising scattering from the sample 
environment device are well advanced. 
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Fig. 3 The eight-fold array of 256 3He detectors, 
angular range on HET. 

which covers the intermediate 

Highlights of the scientific programme on HET 

Magnetlsm 

The main thrust of the HET programme was in the field of magnetic scattering. 
The intermultiplet transition in praseodymium at 260 meV was easily observed in a 
specially purified sample of the metal. The Q dependence of this 3H4 -+ 3H4 
transition confirmed its magnetic origin. Such an observation was only possible 
because of the excellent low background of the 3He gas detectors. The same system 
gave a new record for high energy inelastic magnetic scattering with energy transfers 
in excess of 800 meV being observedL21. The neutrons induce excitations from the 
ground state of the 4F ion to excited states with different LSJ quantum numbers. 
Several such intermultiplet transitions were found, see Fig. 4, and this more than 



274 ISIS inelastic instrumentation 

cl (iv”) 
2.5 5.0 75 10.0 

20 

0 
-200 

. 
. 

600 800 

0 200 400 600 800 1000 

ENERGY TRANSFER ImeW 

Fig. 4 Neutron scattering cross section of praseodymium at 17 K, measured at an 
angle of 5O with an incident neutron energy of 1300 meV. The change in the scattering 
vector across the spectrum is shown along the top axis. The data have been fitted by 
four Gaussians and a tail of low energy scattering. 

doubles the energy range over which magnetic excitations have been observed by 
inelastic neutron scattering. 

The momentum transfer dependence of the intensities was found to be in good 
agreement with calculated, free-ion inelastic structure factors. These are not simple 
functions of momentum transfer, see Fig. 5. Dipole and higher order multiple 
excitations have been identified with the aid of these calculations. Transitions to a 
different value of orbital angular momentum were found to be shifted significantly 
from the free ion value. These results will lead to a better understanding of the 
interactions between local&d f-electrons and delocalised conduction electrons in these 
rare-earth metallic systems. Again such measurements were only possible because of 
the excellent resolution and signal to noise achievable on a pulsed neutron source. 

The high energy spin dynamics of the transition metal ferromagnets is a subject of 
strong current interest. A team from Cambridge University was able to measure the 
spin waves in cobalt to only half of their predicted maximum energy using neutrons 
from the hot source at the Institute Laue-Langevin (ILL). The same team have now 
successfully completed their measurements using a single crystal of hexagonal cobalt 
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Fig. 5 Neutron inelastic structure factors for transitions (a) within the 3H term, (b) 

from the 3H to the 3F term. The lines represent calculated intensities of the 

transitions. The structure factors are normalised to the 3H4 + 3H4 intensity at Q = 0, 
which has a cross section of 620 mblsr. 

on HET at ISIS, observing the spin waves to energies of up to 310 meV, see Fig. 
6L31. (It is essential to observe the full energy range of the excitations in order to 
distinguish between the various theoretical models). The nature of the time-of-flight 
scan complicates interpretation of these data somewhat, but this is more than 
compensated for by the good resolution and excellent signal to noise obtained by this 
technique, see Fig. 7. Further data analysis to extract widths and absolute intensities 
is in progress. 
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Fig. 6 The magnon dispersion relation for hcp-cobalt along the [hOO] direction 
measured on IN1 at the ILL (line) and on HET at ISIS (dots). 

Work on localised high energy magnetic excitations has continued with studies of the 
crystal field potential in UOS where transitions were observed up to an energy of 80 
meV both above and below the antiferromagnetic ordering transition at 55 K. As in 
the case of UO, both the energy and intensity of the crystal field splittings support a 
level scheme calculated from a point charge modelr41. In an experiment designed to 
refine the crystal field potential within the new ceramic superconducto&l, the heavy 
rare earth ions Ho, Er and Dy were substituted for Y in the l-2-3 compound 
YBazCu307_s. Clearly resolved magnetic excitations were observed between 10 and 
100 meV and their temperature dependence measured. The results show that the 
parameters of the potential can be scaled across the rare-earth series. 
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Fig. 7 The 130 meV and 170 meV spin waves in hcp-cobalt measured on (a) HET 
and (b,c) IN1 illustrating the impraved resolution and signal-to-noise obtained with the 
time-of-flight method. 

Vibrational spectroscopy 

Work on metal hydride systems continued with a detailed study of the alpha phase 
YHoeI 1. A high energy measurement, Fig. 8, illustrates the nearly harmonic 
behaviour of the &generate a-b modes at 135 meV in the tetrahedral site and the 
extremely anharmonic behaviour of the c-axis mode at 100 meV[61. Using a lower 
incident energy, a high resolution measurement revealed a splitting of this mode due 
to H-H pairing along the c-axis. These subtle features require a more sophisticated 
quantum mechanical description of the interstitial hydrogens than the perturbed 
simple harmonic oscillator which has until now been adequate. 
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Fig. 8 The inelastic spectrum of YHo., , measured on HET with an incident energy of 

330 meV. The simple harmonic quantum numbers are given for each transition. 

Studies of the dynamical structure factor of amorphous boront71 were successful 
despite the limited angular range of detectors available, see Fig. 9. Such problems 
will benefit significantly from the newly installed detector array and these results 
bode well for the future of such experiments on MARI. 

Fig. 9 The scattering function for amorphous boron determined using an incident 
energy of 360 meV. The angular range covered is 3O to 7” and 10’ to 30°. 
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TFXA: The time-focussed crystal analyser spectrometer 

TFXA is an inverted geometry neutron inelastic scattering spectrometerl*l. The 
sample, at 12 m from the source, is illuminated with pulses of white radiation. 
Neutrons lose energy by exciting vibrations in the sample, and some are scattered 
towards the analyser crystals. These graphite crystals are set to reflect neutrons of -4 
meV toward the detectors. The more energetic neutrons arrive at the sample first and 
energy analysis is by time of flight. The spectrum was converted from neutrons per 
channel to S(Q,&) per energy transfer, by standard programs. The spectrometer has 
excellent resolution, see Fig. 10, de/a < 2% and AIQI -0.2 A-l. The fixed locus 
through Q-E space effectively follows Q2 42 (A2-meVln). 
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Fig. 10 Part of the inelastic spectrum of hexamethyline tetramine (HMT) measured 
on TFXA. These high resolution data should be compared with the MaxEnt 
reconstruction given in these prkeedings by D.Sivia. 

Samples are held as flat plates perpendicular to the incident beam. Therefore, for 
energy transfers greater than -30 meV the momentum transfer vector Q is also 
perpendicular to the sample. This can be put to significant advantage in the study of 
some hydrogenous single crystals. 

We have already reported that TFXA is almost free of the effects of multiple 
scattering191. In the case of single crystal spectra this requires some qualification. 
The effects of multiple scattering in single crystals is to produce spectra which are 
more “powder” like. Hydrogenous crystals which are ca 1 mm thick scattering ca 5% 
of the neutrons should not introduce significant multiple scattering problems. 
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Spectrometer improvements 

Since the last ICANS meeting, TFXA has seen several improvements. Principle 
amongst these are improvements in resolution, flux and background. 

(i) The resolution has been improved by obtaining detectors whose active 
thickness was matched to the secondary spectrometer. These are 6 mm 
thick squashed Helium tubes. At 5 bars filling pressure they are as 
inefficient as BF, tubes at detecting high energy neutrons thus slightly 
reducing the noise. 

(ii) The count rate has been improved by obtaining thicker graphite crystals, 
with larger mosaic spread. There is a slight degradation in resolution 
attendant upon this change-but this occurs in the elastic peak region. 

(iii) The background has been improved by coating all exposed metal surfaces 
by cadmium. The sample is also heavily encased in cadmium. The 
reflection geometry of TFXA has simplified opting for this solution. 

The calibration of TFXA has traditionally been based upon Hexamine (HMT) which 
produces a very strong inelastic line at -390 cm-l, see Fig. 11. We anticipate that 
this choice of calibrant will have to change. This is because it produces a strong 
(111) Bragg reflection at the elastic energy. With our reduced elastic resolution we 
are no longer able to resolve the coherent and incoherent contributions to the elastic 
line. A systematic error introduced by this effect leads to an underestimation of the 
energy transfer values. This underestimate is not greater than 4 cm-*. 

Data treatment 

Because there are no spectral variables open to choice on the TFXA spectrometer we 
have instituted an automatic standard analysis program. The experimentalist 
automatically launches this by ending his data collection. It has the advantage of 
producing standard files, avoids wasting time and prevents inexperienced users from 
producing very badly analysed data. 

Molecular spectroscopists are making good use of the CLIMAX program. This is 
analogous to the Rietvelt fitting programs for diffraction. Working with G. J. 
Kearley (ILL) we have produced a version of CLIMAX which fits phonon wings out 
to eighth order. 

The effects of recoil scattering has also been identified on TFXA. In the context of 
molecular vibrations recoil is an exaggerated and smooth phonon wing. It is present 
when the lattice forces restricting small molecules are very weak. Useful, if limited, 
parameters can be extracted from the recoil spectra of simple molecules, e.g., recoil 
mass, average lattice energy. 

Scientific highlight on TFXA: Hydrodesulphurisation catalysts 

The high sulphur content found in North Sea oils can be reduced by the 
hydrodesulphurisation process. The presence of sulphur poisons the surface of 
normal active metal catalysts in the cracking and reforming reactions necessary to 
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Fig. 1 la TFXA data for H2 on tungsten disulphide at 50 bar. 

Fig. 11 b TFXA data for Hz on molybdenum disulphide at 50 bar showing the sharp 
0 -_) 1 rotational transition. 

refine the oil. An understanding of the desulphurisation reaction is essential for the 
efficient use of expensive hydrogen. 

Following earlier neutron studies on the sorption of H, on MO& work on Hz + 
MO!& and Hz + WS2 has been extended to higher pressures[*“l. The original high 
pressure results produced convincing evidence that more than one absorption site was 
present in MO&. The second absorption site was associated with a spectral feature at 
50 meV. This site saturates at 50 bar. Kinetic data shows that the 
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hydrosulphurisation reaction over MO& is first order in hydrogen partial pressures up 
to 50 bar. It was assumed that the second absorption site was responsible for the 
behaviour of the hydrogen in this important industrial process. The 50 meV band 
was understood to be due to atomic hydrogen. 

The TFXA data for Hz on tungsten disulphide may be compared with those obtained 
from solid Hz in Fig. 11. The theoretical response of a ‘recoiling’ H2 molecule is 
also shown. The TFXA results show clearly that non-dissociated Hz molecules are 
involved. This is confirmed by the very sharp transition at 14.7 meV which is the O- 
-1 rotational transition of molecular hydrogen. The spectra obtained, however, are 
not simply those of solid Hz condensed on the sample. This demonstration of the 
molecular nature of the adsorbed hydrogen as distinct from the atomic nature 
previously accepted has far-reaching consequences in understanding these important 
chemical reaction mechanisms. 

IRIS: The high resolution inelastic spectrometer 

IRIS is an inverse geometry crystal analyser spectrometer optimised for high 
resolutions (15 PeV) up to moderate energy transfers (O-10 meV)llil. It was 
commissioned during the second half of 1987 and is now in routine operation, 
although a number of major items are still being installed. 

Instrument description 

The spectrometer views the ISIS liquid hydrogen cold source via a 34 m long 
curved neutron guide which terminates with a 2.5 m long supermirror-coated 
converging guide. At 6A the flux at the sample is enhanced by a factor of 2.8 due to 
the converging guide. The sample position is at 36.54 m from the moderator and the 
measured flux at 100 pAmp operation of ISIS is 5 x lo6 n/cm2/sec over a sample 
area of 3.5 x 2.5 cm2. 

At 6.4 m from the moderator a variable aperture disc chopper serves to prevent frame 
overlap at the detector and to eliminate ISIS pulses when a wider energy transfer 
range is required. 
A. 

At full ISIS frequency the wavelength window at the sample is 2.0 
The energy transfer range spanned depends upon the phase of the chopper with 

respect to the ISIS pulse. If the wavelength window is centred on the elastic line an 
energy transfer range from +0.65 meV to -0.45 meV can be observed. In 
downscattering only to the elastic line an energy transfer range from +1.85 meV to 
0.0 meV can be observed. Decreasing the chopper speed to 25 Hz increases this 
measuring window to 11.1 meV. The maximum energy transfer range is limited by 
the short wavelength cut-off of the curved guide to a value of approximately 15 meV. 
At this energy transfer the resolution is -80 peV compared to 15 peV at the elastic 
line. 

It is a feature of inverted geometry spectrometers that the measuring range in neutron 
energy loss is very large compared with a direct geometry spectrometer as a result of 
the opposite handedness of the (Q-E) loci, see Fig. 12. Direct geometry machines 
(such as IN5) achieve high resolutions by reducing the incident neutron energy such 
that in the limiting case a very narrow energy transfer range with only a small 
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Fig. 12 The Q-E range available on IRIS from the 002 and 004 reflections of PG. 
The elastic resolution is 15 PeV and 45 PeV, respectively. 

momentum transfer range is observable. Inverse geometry machines suffer from no 
such conflict. This feature is a great advantage when attempting to assign level 
schemes in tunnelling spectroscopy and crystalline electric field spectroscopy with 
very cold samples in their ground states. 

Planned upgrades 

A new ZnS scintillator is presently being installed. This does not suffer from 
gamma sensitivity in the manner which the present detector does. As a result a 
significant contribution to the spectral background derives from the effects of neutron 
absorption in the sample and whilst hydrogenous sample could be studied routinely 
non-hydrogenous samples containing significant absorbing species proved impossible 
to measure. A gamma insensitive detector will also be a great relief in that we can 
now resort to the flexibility of shielding using cadmium! 

At the same time we are installing a radial collimator between sample and analyser 
bank. This should reduce considerably background effects due to sample environment 
windows and stray neutrons, although it will also have an effect on the signal. 
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During 1989 we shall install a cooled beryllium filter between the sample and 
analyser bank. Financial constraints allow us to purchase only sufficient beryllium 
to cover half the analyser. This however should not be a severe restriction since it 
will mainly be utilised for inelastic spectroscopy where full Q coverage is not 
absolutely necessary initially. It will be installed to cover 90”-165” angles of 
scattering with the possibility of switching this to the low angle analysers for crystal 
field excitations if required. 

Future developments 

We have tested the idea of a mica analyser with a mock-up array which was by no 
means optimised. An elastic resolution using the (004) mica reflection of 5.5 l.teV 
was recorded at an analysing energy 833 l.teV, see Fig. 13. Compare this with 15.5 
l.teV presently available from the (002) pyrolytic graphite reflection analysing at 
1.835 meV with a count rate -25 x higher. Despite this reduction in counting times, 
it was possible to observe tunnelling peaks at f15 peV and +150 WV in 4-methyl 
pyridine zinc chloride, never previously observed, in a 16 hour run. We believe the 
15 i.teV peaks are the lowest energy transfers observed to date at a pulsed neutron 
source. Theoretically it is possible to use the (002) mica reflection to obtain 
resolutions of the order 1 to 2 l..teV at an analysing energy of 208 l_teV but we were 
not able to observe the elastic line due to frame overlap problems. (The (002) 
reflection is detected on IRIS 10 pulses after the neutrons left the moderator!). This 
may seem an impossible goal but we are planning to build a large area mica analyser 
(at least 10 times larger than the prototype) focusing onto a single detector for use in 
inelastic spectroscopy for operation in late 1989. We also plan to investigate 
methods of increasing the mica reflectivity. The 4-MPZnC12 could then be collected 
in 1 l/2 hours (or 45 minutes at 200 l,tArnps) and the transition to the mica (002) 
reflection with its 1-2 l.teV resolution is becoming attainable. (It should be 
remembered that run times on IN10 are typically 24 hours.) 

Resolution = 5*5peV 

-100 -50 
Energy frksfer [PeVI 

50 100 

Fig. 13 Test data on IRIS comparing the 5.5~PeV resolution available from Mica 
(004) with the standard 15qeV resolution of PG (002). 
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Scientific highlight on IRIS:. Intermolecular coupling in 
4-methyl-pyridine 

CsNH&H3 have been revealed by neutron scattering on the IRIS spectrometer. The 
tunnel level in 4-methyl-pyridine at 520 tteV, very close to the free rotor limit for a 
methyl group of 665 peV, is one of the few examples of an almost-free rotor found 
in the solid state. Instead of a single tunnel level expected from a molecule which is 
non-interacting with its surroundings, the tunnel spectra of 4-methyl-pyridine 
measured on IRIS exhibits four discrete components centred around 520 peV, see 
Fig. 14. In an attempt to unravel the cause of the complex spectrum, a series of 
experiments have been performed on IRIS varying both temperature and the dilution 
of the hydrogenated molecules with fully deuterated molecules. Both increased 
temperature and increased dilution clearly weaken the coupling between neighbouring 
molecules giving rise to an anomalous rise in the tunnelling frequency as a function 
of temperature at low concentrations. The results are being modelled theoretically 
using the concepts of dynamic and static coupling of methyl groups employing 
gauge theoryt121 and by utilising the sine-Gordon formalism which proposes the 
existence of soliton-antisoliton wavest131. 

Gaussian fit (a) 

Maximum entropy 
deconvolution 

Energy transfer (peT7) 
Fig. 14 Decomposition of the 520 meV tunnel level in 4-methyl-pyridine into four 
components (a) by Gaussian fitting and (b) by the maximum entropy method. 
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PRISMA: 

A high-symmetry inelastic spectrometer 

PRISMA stands for PRogetto dell’Istituto di Struttura della MAteria de1 CNR. 
Under an international collaboration signed in 1985 between SERC and the 
Consiglio Nazionale delle Ricerche, CNR, Frascati, Italy, PRISMA has been 
provided by Italy for installation on ISIS. 

PRISMA is designed to measure coherent excitations in single crystals1141. The 
scattering function S(Q,&) is measured along a high-symmetry direction in reciprocal 
space to be determined by the experimentalist. With the present set of germanium 
analysers the energy transfer range reaches up to 200 meV (depending on the choice 
of wavevector Q). 

The instrument operates in inverted geometry, i.e., it has a white incident neutron 
beam. The energy change of the scattered neutrons is analysed by 16 independent 
analysers, each equipped with a detector. The angular separation between the 
individual detectors is 2”, so a total $-range of 30” is covered, see Fig. 15. Keeping 
the ratio (sin&/sinOAi) constant for all analysers ensures that every analyser-detector 
arm records S(Q,a) along the same Q-direction in reciprocal space. The positioning 
of all analyser and detector motors, as well as of the motors for the sample angles $ 
and Y and the sample goniometer, are controlled by a dedicated PC. 

An elaborate software package has been developed for communication between the 
PRISMA control programme, the standard ISIS data acquisition, CAMAC software 
and the IBM personal computer which controls the 34 positioning motors (16 
analysers, 16 detectors, the rotating collimator and the $-arm). This allows to set up 
the spectrometer by computer in every desired configuration. Also a single motor or 
a physical quantity (like the analysing energy of an analyser) can be driven and 
scanned individually. A simulation program including a graphics display enables the 
experimentator to select in advance the most favourable configuration for an 
experiment. 

Within the past few weeks, commissioning experiments have yielded very promising 
data, demonstrating clearly the power of this instrument to measure dispersion 
curves. As an example we show the phonon dispersions along the [ l,O,O] direction 
of a single crystal of copper. Figure 16 summarises the results from all the available 
detectors. The curved solid lines indicate the time-of-flight loci of the 16 detectors, 
with the thick line marking the detector whose spectrum is shown in Fig. 17. The 
measurements were performed at room temperature and therefore phonons in energy 
gain and energy loss were observed. We would like to stress that this dispersion 
curve was the result of a single setting of the instrument. The data were obtained in 
1.6 mA-hr, equivalent to less than a day running at current ISIS conditions. It is 
also evident from Fig. 17 that instrumental resolution effects influence strongly the 
shape of the spectra. Therefore a powerful software programme is required and is at 
present under development, in order to analyse the data in an appropriate way. 
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Fig. 15 The PRISMA spectrometer with part of the shielding removed to show the 
Q-arm with the 16 analyser-detector arms and the pathway of the @-arm through the 
shielding. 
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(2,2,0) (3,2,0) (4,2,0) 

Fig. 16 The phonon dispersion relation measured along the [loo] direction in a 
single crystal of copper during early tests on PRISMA. The solid lines are the loci in 
(Q, E) space scanned by each detector, while the dashed lines indicate the known 
dispersion relation. The locus corresponding to detector no. 9 is highlighted. 

PRISMA Cu 

Detector 9 : Ef = 26-8 meV 

Energy lronsfer (meV) 

Fig. 17 The spectrum of one individual detector (no. 9). Phonons in both energy 
gain and loss are clearly seen. 
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eVS: The electron volt spectrometer 

Low-Q programme 

The original goal of eVS was to explore high energy transfer scattering at low values 
of associated momentum transfer using (n,y> detectors[15]. A review held in Spring 
1988 concluded that below 500 meV transfer, chopper spectrometers such as HET had 
significantly better resolution and count rate than was achievable by this method. 
(Figure 18 compares the observation of intermultiplet transitions in praseodymium 
on HET and eVS). Above 1000 meV transfer this conclusion would be reversed, but 
tbe interesting cross-sections such as those associated with interband electronic 
excitations are predicted to be far too small to be observable with current 
instrumentation. As a result of this review the high energy transfer, low Q 
programme on eVS has been terminated. 

- 15 

ENERGY TRANSFER (meV) 

Fig. 18 lntermultiplet transitions in metallic Pr observed in 1300 PA-hr on HET (top) 
and in 7000 pA-hr on eVS (bottom). 
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High-Q programme 

Progress on the high Q programme of eVS has continued with the development of a 
multidetector system based on tbe (n,y) capture resonance in thin foils. An array of 
seven Bismuth Germanate (BGO) photon detectors was installed and commissioned 
using Ta annular analysing foils (Er = 4.28 eV, 10.3 eV and 23.9 eV) with a range 
of thicknesses between 10 j.un and 50 w. Measurements have been undertaken at 
high energy and momentum transfers which allows the momentum density of the 
recoiling atoms to be obtained within the impulse approximation, Several 
experiments within this regime have been carried out on polycrystalline graphite and 
a comparison between the single and muhidetector systems made in terms of the 
signal count rates and signal to noise. The signal count rate is 20 times greater for 
the multidetector system albeit with a small loss in overall signal to background 
compared to a single detector system. In further measurements on polycrystalline Be 
the counting statistics were sufficient to allow data to be analysed using all three 
main resonances in Ta. Figure 19 shows the recoil scattering spectra from Be and the 
Al sample container on an energy transfer scale using the 4.28 eV resonance. Also 
shown is a two-Gaussian fit to the data. Measurements undertaken at 16 K on the 
same sample have clearly indicated the corresponding decrease in the mean atomic 
kinetic energy (extracted from the recoil width) in agreement with theoretical models 
based on the phonon density of states. Recent data have been analysed using the 
method of y-scaling where it has been possible to compare directly recoil scattering 
data obtained on both eVS and HET. 

0 1 2 3 4 5 6 7 8 

Energy transfer IeVl 

Fig. 19 The recoil spectrum from polycrystalline beryllium obtained on eVS with the 
4.28 eV resonance in Ta. 
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Due to an increase in the demand for studies of momentum distributions on ISIS the 
present eVS system has been modified and extended to undertake recoil scattering 
from hydrogenous materials. The fixed high-angle system imposes kinematical 
constraints which does not allow recoil scattering from mass 1 particles. An 
intermediate angle recoil spectrometer has therefore been developed to cover the 
angular range 30”-120” using 30 He3 detectors positioned 0.5 m away from the 
sample. Figure 20 shows the new eVS spectrometer on ISIS. Curved analyser foils 
of Ta and Au are available providing a range of energy and momentum transfers. The 
resonance filter difference method will be used to obtain the recoil scattering spectra. 
Preliminary trial measurements on ZrH2 with Ta and Au have produced some 
promising results in terms of both signal count count and signal to noise. A user 
programme for the study of hydrogenous samples is already scheduled on this 
spectrometer. 

Y nF=!J I 

IAH -- -_ _ __- 

Fig. 20 The intermediate angle spectrometer on eVS, which is optimised for recoil 
scattering from mass 1 and mass 2 systems. Energy analysis is performed using 
tantalum or gold resonance difference techniques. 

Future developments 

In an attempt to return to the original goals of the eVS programme, namely the study 
of high energy excitations at low values of associated momentum transfer, a new 
spectrometer design is being investigated. Drawing on experience from IET, it 
would be a high resolution direct geometry spectrometer which would cater to the 
existing demand for high resolution magnetic scattering and would allow Brillouin 
scattering in amorphous systems to be explored, see Fig. 21. In addition a parallel 
development programme on high energy monochromating choppers and tests on 
polarised beams on chopper spectrometers could be performed. Detailed studies of the 
feasibility of constructing such a spectrometer at modest cost utilising existing 
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equipment are in progress. Sources of external funding for this project are also being 
explored. 

TITLE : Data origin: ERESZ.OUT;14 

eVS (15,ll) 
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FRACTIONAL ENERGY TRANSFER 

Fig. 21 The energy transfer resolution (A&/El) of the proposed high resolution 
spectrometer (Primary flight path 15 m, Secondary flight path 11 m) as a function of 
fractional energy transfer (E/El) compared with HET. 

MARI: The multi-angle rotor instrument 

The MAR1 projee’t, a joint collaborative venture between RAL and the Japanese 
National Laboratory of High Energy Physics (KEK), is now under construction at the 
ISIS facility. The instrument is based on a fast Fermi chopper device, similar to that 
used on HET, providing energy transfer resolutions, AE$Ei -1%. The chopper 
system, manufactured by Uranit GmbH at Julich, was recently delivered to RAL. An 
identical chopper system and associated rotor package has been manufactured for 
KEK. The spectrometer will view the 100 K liquid methane moderator and will use 
incident energies in the range 50-1000 meV. A unique feature of this new 
spectrometer will be that it will record inelastic scattering processes in the vertical 
plane using a large angular array of helium detectors with a coverage between 1-10” 
and loo-135’ (see Fig. 22). This will provide an accurate interpolation from S($,t) to 
S(Q,a). The low angle octagonal bank and the large detector vessel, containing three 
3He detectors at each angle, forms a continuous angular coverage and is well shielded 
internally with B& plates and collimation vanes. This large angular range together 
with the high resolution will enable science to be undertaken in areas such as 
molecular spectroscopy, magnetic excitations, measurements of S(Q,c) and 
momentum distributions. It is anticipated that commissioning experiments will 
begin in the spring of 1990. 



/S/S inelastic instrumentation 293 

Fig. 22 Plan and elevation views of the MARI spectrometer, 

The polarisation programme at ISIS 

A series of measurements made in 1985-86 on a sintered SmCoS filter showed that 
this material has very good intrinsic properties as a neutron polariser at all neutron 
energies up to about 160 meV. The polarising efficiency in this energy range varied 
between 98% and 70% with corresponding transmittances between 10% and 30%. 
These results were obtained at approximately 1% of the ISIS design current (-2 @). 

Later measurements at 10% of the full ISIS current showed significant filter heating 
effects. The polarising efficiency at the l?Srn resonance peak energy (97 meV) was 
reduced to 65% and the transmittance to 3%. This corresponds to a nuclear spin 
temperature in the filter of -70 mK, whereas an independent measurement of the 
dilution refrigerator temperature by Co nuclear orientation thermometry gave 13 mK. 
Subsequent tests showed that this heating was caused by poor thermal contact 
between the filter material and the mixing chamber of the dilution refrigerator. 

Considerable effort was put into achieving a good metal-metal contact between the 
filter material and the copper filter holder. A successful solution to this problem was 
found first by ion implanting copper on to the surface of the filter, and then soldering 
this to a copper plate which formed part of the mixing chamber base. A filter 
prepared in this way was found to be well-coupled to the mixing chamber and the 
limiting factor determining the performance of the filter was then found to be & 
coolinrr Dower of the refrigerator, Two observations supported this deduction: (i) 
the filter temperatures measured by neutrons was equal to the mixing chamber 
temperature measured by Co nuclear orientation, and (ii) the time constant for 
cooling the filter was longer-than in previous filters, and equal to the cooling time of 
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the fridge. The cooling power of the dilution refrigerator used in this test was -1 
pwatt at 20 mK (the temperature required for an effective filter performance), and 
from this it was concluded that a 40 pwatt dilution refrigerator (which is now 
commercially available) is required for effective filter operation in the incident beam 
on the Polaris beam with ISIS operating at 100 p.A. 

This development programme has been discontinued for the present. Although only 
partially successful we can conclude that: (i) it is feasible to construct a large area 
polarisation analyser using the permanent magnetic material SmCoS for neutron 
energies E < 200 meV (the advantages of not requiring an applied field are self 
evident) and (ii) the method can also be used in the primary beam on a pulsed source 
chopper monochromator, since monochromatic fluxes would not be sufficient to heat 
the filter. 

The current plans for polarisation work at ISIS are to construct a polarising bender 
made from Co/T.i supermirrors with Gd/Ti antireflecting la ers. The device designed 
has a length -1.2 m with a critical wavelength h* -0.87 w (E* -110 meV) and is 
similar in design to the bender on the LOQ spectrometer. It is expected to be 
available for first tests towards the end of 1989. 
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1. Introduction 

A direct geometry chopper spectrometer combined with an advanced pulsed 
neutron source has a promising feasibility for its wide accessible dynamic range in Q- 
o space and for the applicable various fields of high energy magnetic excitations, 
molecular dynamics and dynamics of liquids and glasses . The recent scientific 
requirements of measuring high energy excitations caused the decision to build a 
chopper spectrometer at KENS. 

The development of a sophisticated magnetic bearing made it possible to realize a 
short chopper burst, due to the high speed revolution, as narrow as the neutron pulse 
width from a moderator in the epithermal neutron region, providing higher 
momentum and energy resolution with less sacrifice in intensity. 

In this report we discuss a spectrometer calIed INC, which is under construction 
at KENS, aiming at neutron scattering with an energy transfer from 20 to 1OOOmeV 
and a momentum transfer from 0.3 to 4OA-l. 

2. Design Performance 

INC was installed at beam hole H-6, which views a polyethylene moderator at 
room temperature. This beam line has the widest and longest available space, so that 
INC can perform at its highest ability by arranging the detector arrays at a wide 
scattering angle. However, the flight path of 7m from the bulk shield with 4m thick 
was the most important restriction for designing the spectrometer. We tried to find 
optimal parameters to achieve better performance under this restriction. We adopted a 
horizontal layout rather than a vertical one, and took the parameters L1=7m, the 
distance between the moderator and the monochromating chopper, L2=1.3 or 2.5m, 
between the sample and the detector, and L3=lm, between the chopper and the 
sample. (L2 is 2Sm for the scattering angle F-25” for the lefthand side detector bank 
and S’ - 40° for the righthand side detector bank from the downstream point of view, 
while 1.3m for 40’ - 130”.) These parameters satisfy most of our required 
performance as discussed below. 
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Then the momentum resolution is described using the energy resolution as, 

Where 

Rl=&hhch, R2=4nheh = &nh, &h+ P(u), 
P 

P(u)=l$ for o<ucO.8 

P(u)=~+u-(~u-u~)~~ for 0.8~~2 
P(u)cu for 2<u 

W mnet = Wm(cos(~)- 
27rL1 f sin(u) 

vg ) - 

The notations used in the above eauations are defined below, and shown in Fin.2. 

kl 
Ll 

L2 

L3 

:: 

tch 
Atch 
f 

& 
A@ 
vo 
Ei 
Ef 

:e 

ki 
Q 
AQ 

: neutron pulse width 
: moderator effective thickness 
: moderator rotation angle 
: moderator width 
: flight path length from the moderator to the chopper 
: flight path length from the sample to the detector 
: flight path length from the chopper to the sample 
: chopper rotor diameter (assumed to be 1Ocm) 
: chopper rotor slit width 
: time of flight at the chopper 
: chopper burst time width 
: revolution frequency of the chopper (assumed to be 6OOHz) 
: chopper peripheral speed (vp==f) 
: scattering angle 
: angular ambiguity by a detector (detector diameter 2Scm) 
: velocity of incident neutrons 
: incident energy of neutrons 
: fmal energy of neutrons 
: energy transfer 
: ambiguity in energy 
: wave number of incident neutrons 
: momentum transfer 
: ambiguity in momentum 
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Fig. 2 Specrometer configuration. 
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For the room temperature moderator in KENS, a neutron pulse width of 

Atm= 1.5dEtis is a good approximation in the epithermal neutron range above 
250meV, which gives 2.lcm for S, , but becomes longer with an asymmetric long 
tail below 25OmeV. For example, it is about lws at E;=lOOmeV. The moderator 
has angle clockwise by 15” to the H-6 beam line, and this configuration gives the 
optimal time focusing for 5OOmeV. The moderator width Wm is 8cm. The slit width 
W of the chopper rotor is determined from At& = W/v,, with the optimizing 
condition A& = Atm. For example at the incident energy of 3OOmeV, the slit width 
becomes 0. 1Ocm. 

In Fig.3 the energy resolution AE/Ei is plotted as a function of E/Ei. The solid 
line is for L2=2.5m, and the upper broken line is for L2=1.3m. The resolution of 
HET(high resolution chopper spectrometer at ISIS, RAL) is also plotted as a 
reference. 

Figure 4 shows AQJQ at an E of 0.2Ei, 0.4Ei, 0.6Ei and 0.8Ei as a function of 
Q&i. The discontinuities at Q&=0.7 correspond to MO”, where L2 changes from 
2.5m to 1.3m. 

2.3. Required Resolution 

Here we do calculations using actual scientific examples to estimate the 
feasibility with the designed resolutions. 

i) High Energy Magnetic Excitations 
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Ll= 00. L2= 25 . L3= 100 ' - - ? 
l \ - '\ Ll= 700. L2= 130. L3= 100 _________. 
'. - '. Ll=lOOO. L2= 400. L3= 180 ______. 
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Fig. 3 The energy resolution AdEi as a finction of tiEi. The solid line is L2 = 2.5 m 
and upper broken line is L2 = 1.3 m. The resolution of HET is also plotted as a 
reference (L, = 10, L2 = 4 and Ls = 1.8 m). 

We consider the crystal field splitting in U@ demonstrated by HET2). They 
observed excitations around 15OmeV with FWHM about 6meV. Now we suppose Ei 
= 250meV and a=lSOmeV with Q c 4.5A-l. For this condition the scattering angle 
Qr ~12” is required, and the result is shown in the table below. We can resolve those 
excitations by a close shave. 

Ei @ L2 E 
25OmeV c12’ 2.5m 15OmeV 

A@lc.) 
3mev 

FWHM(obs.) 
6meV 

ii) S(Q,o) of glassy materials 

We examine the following extreme exam 
s 

les, although glassy materials in 
general do not have sharp structure in Q-o space ). 

SiS2 glass has an exceptionally sharp excitation as measured in the Raman 
spectrum at 42Ocm-l(52meV) with FWHM = 2Ocm-1 (2.4meV) 4, corresponding to 
the Al mode. When Ei =lOOmeV, the resolutions are as follows. 
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8 I , I , , I f I I I I 
e/Ei=0.200’ - 
e/Ei=0.400 _________. 

e/Ei=0.600 -___-_. * 
e/Ei=O.BOO --_-- - 

Fig. 4 The momentum resolution ACYQ at e of 0.2 El, 0.4 Ei, 0.6 Ei and 0.8 Ei as a 
function of Q/ki. The discontinuitites at Q/ki = 0.7 correspond to the scattering angle 
Q, = 40°, where L2 changes from 2.5 m to 1.3 m. 

Ei L2 
1OOmeV 1.3m 
1OOmeV 2.5m 

& 
52meV 
52 

Aa(calc.) 
4.OmeV 
2.8 

FwHM(obs.) 
2.4meV 
2.4 

The energy resolution Ae for L2 = 2.5m is just comparable to the natural width of 
the excitation. 

In some glasses5), there is a fist sharp diffraction peak (FSDP) in S(Q) at around 
1 A-l with FWHM = 0.2 A-l. When we take E;=lOOmeV, although this condition is 
not optimal for measuring elastic scattering at Q = 1 A-l, the momentum resolution 
AQ is again comparable to the FWHM of the FSDP as shown in the table below. 
From the considerations above, we believe that the resolution of INC are reasonable 
for usual case. 

Ei Q, L2 Q AQ(calc.) FWHM(obs.) 

1OOmeV 8’ 2.5m l.OA-1 0.15-l 0.2-l 
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3. Chopper System 

3.1. Monochromating Chopper and Background Suppression Chopper 

A chopper system is supplied from RAL as a part of the UK-Japan collaboration. 
The chopper is equipped with a magnetic bearing system developed at KFA, Jtilich@. 
The chopper is almost the same as that of MAR1 (multi-angle rotor instrument at 
ISIS). The rotor can be spun at 6OOHz with +0.2p.s phase ambiguity for fixed 
frequency operation, and is designed to rotate clockwise when viewed from the top in 
order to realize time focusing. We will have four rotors with different slit packages, 
which are optimized to Ei= 50, 100,200 and 5OOmeV. The beam aperture of the 
chopper is 6x6cm2. 

In order to suppress delayed fast neutrons from the uranium target as well as fast 
burst neutrons, a background suppression chopper is indispensable for INC. We are 
developing a mechanical chopper system for this putpose. 

3.2. Phasing 

In order to achieve the required resolution, the chopper rotor must be phased 
accurately with the accelerator having a time ambiguity of about f5p.s in successive 
beam extractions. We have developed electronics to solve this problem.7) There is 
an acceptable time band for the extraction of the proton beam from the Booster 
synchrotron of about +SOps centered at the peak magnetic field. Within the 
acceptable band, the beam can be extracted according to a request signal from the 
chopper. Otherwise, the beam is extracted automatically at the end of the band. 
Figure 5 shows typical results of the phasing experiment using the Harwell h4k VIII 
rotor spinning head at a rotor revolution speed of 5OOrev/s. In the figure the distribu- 
tion of the extraction time after request signal is plotted. The results show that the 
beam extraction time is phased to the request signal with a time ambiguity of ti.4ps 
and a duty factor of 99%. These values are sufficient for practical operation. 

80000 

';=‘ 
'2 

60000 

3 

Fig. 5 Typical results of a phasing experiment using Hatwell Mk VIII rotor spinning 
head at a rotor revolution speed of 500 rev/s. The distribution of the extraction time 
after request signal is plotted. 
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4. Collimator System 

The design of a collimator system was essentially based on the ray diagram 

consideration*). The collimator system consists of two parts. The inner collimator in 
the bulk shield and the outer collimator between the two choppers consist of sintered 
B4C, steel and borated resin (boric-acid 40%, polyethylene-beads 40%, epoxy- 
adhesive 20% in weight) making an image 6x6cm2 at the sample position. They 
were designed so that the iron soften fast neutron spectrum, the hydrogenous 
compound slows down neutrons to be absorbed by the boron, and the scattered 
neutrons are captured by B4C scraper projecting inward in the collimator. Figure 6 
shows the details of the collimators. 

INC Collimater System 

Outer Collimater 

Background 
Chopper 

Fig. 6 Details of the collimators. The inner collimator in the bulk shield and the outer 
collimator between two choppers consist of sintered B,C, steel and borated resin. 

5. Spectrometer 

The spectrometer shield enclosing the scattering chamber is mainly made of 
borated resin (boric-acid polyethylene-beads epoxy-adhesive combination, 45, 45, 
10% in weight) 30 - 4Ocm thick, and partly made of ordinary concrete 30 - 5Ocm 
thick. The thickness of these shields was determined by dose measurements under 
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actual conditions. The shield has a shield door for access to the detectors, and there is 
a sliding overhead shield for access to the sample. 

Figures 7 (a) and (b) show the layout of INC. The scattering chamber consists of 
two parts; a sample chamber (high vacuum) and a detector chamber (low vacuum). 
They are separated by a thin aluminum window O.lmm thick. The detector chamber 
has 13 detector-windows of aluminum plates 2mm thick. The low angle bank has a 
flight path length of 2.5m with six-fold detector arrays covering scattering angles 
from 5” to Ilo, which can accommodate 80 detectors (6”, 8”, 10” and 12” in 
length,l” in diameter). The medium angle bank consists of 50 detectors (12” in 
length, 1” in diameter) in single detector arrays, which extend from 1 lo to 25’ at the 
lefthand side and from 1 lo to 40” at the righthand side from the downstream point of 
view. The high angle bank has a flight path of 1.3m, covering scattering angles from 
40’ to 130*, and can accommodate up to 80 detectors (12” in length, 1” in diameter). 
In order to cover the angles between the detector banks, there are insertion detector 
banks in the detector chamber. 

The inside of the detector chamber is completely covered by B4C resin tiles 
1Omm thick, so that the detectors see only the sample. 

6. Data Acquisition System 

6.1. Compact Charge-Sensitive Amplifier 

We have developed low-cost high-performance charge-sensitive amplifier for 
multi-detector use9), which has excellent performance of very low noise with very 
high counting rate. The amplifier includes a charge-sensitive preamplifier, a pulse 
shaping amplifier and a discriminator. The size is very compact and is 3 x 7 x 

10cm3. This made it possible to make 200 detectors for INC at a low cost. 

6.2. Data Acquisition Electronics 

We have developed new data acquisition electronics. The time boundary of the 
time analyzer can be set in arbitrary way by computer to minimize the time 
resolution to fit with the other contributions such as neutron burst pulse width and 
chopper burst width, and can be used very flexibly. The details are described in Ref. 
10. 

7. Discussions 

7.1, Intensity and Background 

Here we show the estimated counting rate from U4+ (UO2) in the INC, 
comparing with the measured background level and the results from the HET2). 

The cross section for crystal field splitting averaged over all direction is given 
byl’) 

d?r kf 
‘s = ‘0 ki -P, ( ajo + b jo j2 + cjz2 +. . ) Zi(& - En* + En) . 
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Collimaler 
Fig. 7 
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(b) INC LAYOUT 

n/ 
High Vacuum 

Fig. 7 Layout of the INC. 
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Here, jk is the spherical Bessel function of order k. We consider the case of the P5 -> 
P3 transition, i.e. from the ground level (n=5) to the first excitation level (n-3) with 
c=18OmeV. P5 is product of the degeneracy and the population factor, which is about 

l/3. a is the matrix element for the transition, and is 1.28. ru is 
F- 

22 

ec) = o*29 x1o- 
24. In case that the total momentum is a good quantum number, the zeroth Bessel 
function is dominant and the cross section can be written by 

d?r <m=roFP5aju2 S(E-Eg+Ej). 
i 

We take Ei=3OOmeV (ki=12.2A-l), EF12OmeV and e=18OmeV. The cross section at 
Q=-4.5A-1 (measured by the 5” detector) with jo = 0.6 is 

<& = (-0.54 ~1O-l~)~ l/3 mi X 1.28 X 0.62 S(E _ E5 + E3 ) 

= 0.0256 x lo-% 8(& - Eg + E3 ) [cm2/meV/strl 

Then the counting rate ( integrated intensity of I(E) ) at a detector is 

I I(E) de = J da i(Ei) N d20 <m T(Ei) f(Ef) P C dfJ 

= 15.6 [n/day/detector/pAl 

The flux intensity at the sample position i(Ei) is expressed as, 

i(Ei)= r/(L1+L3)2 As& [n/cm2/pl. 

The values used are as follows, 
. the intensity of neutrons from a moderator per steradian per eV at Ei per proton 
expressed by r is 

r =I.0 x IOv2 x rgz:,” [n/str/eV/p] for Ei = 3OOmeV. 

l A&&1.3% at 180meV , i.e. A&=3.9meV or At=8ps at t=516l,ts. 
l sample amount is N=O.3mol(l.8 x1023 U atoms) assuming 10% scatterer and the 
beam size of 6O(wide) x 6O(long) x 2(thick)mm3. 
l T(Ei) is the transmission of the chopper, typically 0.5. 

l f(Ef> is the detector efficiency, 0.8. 
l P is the number of proton pulses in a day, 1224 x lo3 pulses/day. 
l C is the number of protons per proton pulse per pA, 3.1*101 l ppp/pA. 
l d.Q is the solid angle subtended by a detector (2.5x30cm2) at the 2.5m position, 1.2 
* 10-3 str. 
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If the counting rate estimated above is spread over 20 meV (5Op.s), we have 
0.33cnt/day/~s/detector/pA. This value should be compared with the background 
counts, 0.034 cnt/day/~s/detector/pA, which was obtained with a reference detector 
surrounded by 2cm thick B4C resin and 3Ocm thick boric acid. 

The counting rates from Uo;? measured in the HBT were scaled by the parameters 
of KENS, and are 0.18 for the signal and 0.056 for the background. The counting rate 
0.33 estimated above shows fairly good agreement with the scaled value of HBT 
measurement. The thickness of the constructed shield seems to be good enough for 
distinguishing the signal from the background. 

7.2. Counting Rate 

It nuns out that the performances of INC satisfy most of the requirements for the 
targeted scientific fields. ‘The counting rate per unit solid angle of INC. J(e)~qc , is 
compared in a Table below with HET and MARI, 

LI (m> L3 (ml k(m) P&W M &m2> I(E)/I(&)INC 

INC 7.2 1 2.5 8 2 6x6 1 
HET 10 1.8 4 200 1 5x5 1.2 
MAR1 10 1 4 200 1 6x6 2.0 

where I(E) = l/(L1+L3)2/L22 AE/Ei XPxMXA. P is the proton current, M is the 
target-moderator coupling factor, A is the sample area and I(~)/r(&)pqC is the ratio of 
the expected intensity at a detector for the spectrometer to that of INC. 

As we see here, the counting rate per unit area at the detector position in INC has 
encouraging value even compared with that in HET and MAR1 in spite of the lower 
proton current at KENS. Therefore INC could produce reasonable scientific output 
with a slightly lower resolution. 
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On the kinematics and resolution of spectrometers for 
neutron Brillouin scattering 

R. A. Robinson 
LOS Alamos Neutron Scattering Center 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

ABSTRACT: Neutron Brillouin scattering involves measurement of 
excitations at smaller Q values than is currently customary. We outline the 
kinematic constraints on scattering angle and incident energy for excitations 
with both linear dispersion (sound waves) and parabolic dispersion 
(ferromagnetic spin waves), and discuss the resolution characteristics of the 
chopper spectrometer proposed for LANSCE which should be suitable for such 
studies. In particular, we demonstrate that longitudinal resolution focussing 
can be exploited both in neutron energy gain and in neutron energy loss. 

1. Introduction 

In general, measurements of sound velocity by means of inelastic neutron scattering 
have been made in higher-order Brillouin zones (i.e., not at the reciprocal-space 
origin) of single crystals using reactor triple-axis spectrometerslll. If single crystals 
are unavailable, this method cannot be used. Nor can it be used for amorphous 
solids, liquids or gases, in which there is no translational symmetry and hence no 
reciprocal lattice. In these cases, it is necessary to work close to the wave-vector 
space origin, in a manner analogous to conventional optical Brillouin scattering. 
Some measurements of this type have been made on triple-axis spectrometerst21 as 
well as reactor time-of-flight machines131, but the momentum transfers reached have 
been relatively large. This necessitates the use of neutron energies rather large in 
comparison with the energy of the acoustic phonon concerned and very small 
scattering angles. This is a demanding combination: the use of high neutron energies 
means that the resolution requirements are tight, while working close to the straight- 
through beam, and its attendant background will degrade the signal-to-noise ratio of 
the experiment. However, with the new high-intensity accelerator-based sources such 
as LANSCE at Los Alamos and ISIS at Rutherford Appleton Laboratory, these 
experiments should be feasible. 

It must be added that the requirement for high incident energies and small scattering 
angles arises in other areas, for instance, the measurement of highly dispersive spin 
waves in amorphous magnets 141. It is the purpose of this article to address the general 
question of kinematics and resolution for a neutron Brillouin scattering spectrometer 
and to propose a specific configuration that could be implemented at one of the new 
high-intensity spallation sources. 
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For the purpose of discussion, we will consider two sound wave and two magnetic 
cases: firstly, a material with sound velocity of 1000 ms-l down to a wave-vector Q 
= 0.05 A-l and secondly, a material with sound velocity of 6000 ms-l down to 
Q = 0.3 A-l. The former corresponds loosely to a typical liquid, while the latter 
corresponds to the longitudinal sound velocity in a fairly hard solid like aluminium, a 
case that has been considered previously by Reichardt151 for SNQ. In both of these 
cases, we will find that one requires scattering angles in the vicinity of 1”. In 
addition we consider ferromagnets with spin wave stiffnesses D of 30 meVA2 and 300 
meVA2. The former of these corresponds loosely to a weak itinerant ferromagnet like 
Ni,AI161, and the latter corresponds loosely to a strong itinerant ferromagnet like iron 
or nickel17*81 . 

An abbreviated version of this work has already appeared elsewhere191. 

2. General kinematical considerations 

In general, when designing a spectrometer or deciding how to perform a given 
experiment, one has some idea of the excitation energy E and the wave-vector Q that 
one would like to reach. The normal energy and momentum conservation laws for a 
neutron scattered by an angle $ then determine the incident energy Et that must be 
us& 

El = fi2 
4msin2$ 

Where 

These equations are perfectly general and are not specific to Brillouin scattering or 
time-of-flight instruments. There are two solutions to eq.(l). However, they are not 
always both physical. For instance, in the case of elastic scattering (E + 0), the 
positive root gives 

J+= 
Ti2 Q2 

which corresponds to Bragg’s Law, while the negative root gives 

“‘=a 2 ; 

(3) 

(4) 
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which is clearly unphysical. In fact, it can be shown that the negative root is 
unphysical if l&l c Q2 (see appendices for proof.) This constraint is shown in Fig. 1, 
along with the dispersion relations for sound waves with v = 1000,200O and 6000 
ms-*. For any value of Q in the Brillouin scattering regime, one has two solutions 
and the negative root is to be preferred as it gives the lower incident energy. For 
ferromagnetic spin waves, with a dispersion relation E = DQ2, there are two solutions 
if D > 2m/fi2 (0.4826 meV&). As most systems are stiffer than this, again one is 
in the two-solution regime and the negative root is to be preferred. In other words, 
although the relative energy changes in Brillouin scattering are small, it is W a 
small perturbation on Bragg scattering, or one can say that Brillouin scattering is 
closer to the @ + 0 limit than the E + 0 limit. 

2 solutions 

0 0.5 1.0 

Fig. 1 The region of phase space in which there are two physical solutions to Eq. (1) 
and in which there is only one. While the high-energy solution is the only one for 
elastic scattering (E = 0), for any Q-values and sound velocities appropriate for 
Brillouin scattering, both solutions to Eq. (1) are physical and the low-energy solution 
is preferred. 



314 Kinematics and spectrometer resolution 

For any given E and Q, there is a maximum possible scattering angle emrx given by 

sin2 $m, Q” =- 
e2 

and a corresponding incident energy EI (ema given by 

(5) 

In addition, there is a minimum possible incident energy Et,,, corresponding to 

forward scattering (C$I = 0), given by 

=fi2(e+Q2J2 

81nQ2 
(7). 

Equations (5), (6) and (7) serve to define the broad angular and energy range within 
which one must work for any given value of E and Q. 

3. Application to sound waves 

For excitations, like sound waves, with a dispersion relation E = fivQ, Equations (5), 
(6) and (7) become 

fi2Q2 
sin2$,, = - 

4m2v2 
09, 

fivQ 
E,(&,,) = mV2 + 2 

atxt 

q$--{ T+Q2} 

As Q + 0, 

q(&,,) + mv2 and E, 
min 

+$ 

(9) 

(10). 

(11). 
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In other words, the incident energy scale is proportional to v2 and there is a factor of 
two available in the choice of Er, but no more than that. 

The variation of Er with 4 is shown in Figs. 2 and 3 for sound velocities of 
1000 ms-1 and 6000 ms-*, respectively. 

4. Application to ferromagnetic spin waves 

For ferromagnetic spin waves with E = DQ2, Equation (1) can be written in the 
simplified form 

El= 
fi2Q2 c 1 1 + 2mD sin20 

4 m sin2@ ( fi2 
(12) 

Clearly, Et is simply proportional to Q2 and, as is well knownI1Ol, &,,, is 
independent of Q 

sin2&, = fi4 

4 m2D2 

Equations (6) and (7) become 

ad 

(13). 

(14) 

(15). 

Note that while the angular range available is independent of Q, the incident energies 
required for such experiments rise in proportion to Qs. 

The variation of Er with Q is shown in Figs. 4 and 5 for spin wave stiffnesses of 30 
meVA2 and 300 meVA2, respectively. 
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E 
I’meV 

v=lOOO ms4 
,I----_--__---_-_- ----------- 

-_-_------------ 

0 /degrees 

Fig. 2 Plot of Incident energy Er versus scattering angle I$ for a sound velocity of 

1000 ms-‘. The low-energy solution of Eq. (1) is plotted for Q = 0.05, 0.1, 0.3 and 0.5 

A-1. The corresponding energies are 0.33, 0.66, 1.97 and 3.29 meV respectively. 
The dashed lines extend to omax and Et (I$,,,~~), respectively. This figure shows the 
possible trade-off between incident energy and scattering angle for the chosen value 
of 0 and the value of E determined by the choice of Q and v. 

400 v= 6000 rn? 
1 

0 /degrees 

Fig. 3 Plot of incident energy Et versus scattering angle @ for a sound velocity of 

6000 ms-I. The low-energy solution of Eqn. 1 is plotted for Q = 0.1, 0.2 and 0.3 A-'. 
The corresponding energies are 3.95, 7.9 and 11.65 meV, respectively. The dashed 
lines extend to Q ,,and El (rJ+,& respectively. This figure shows the possible trade- 
off between incident energy and scattering angle for the chosen value of Q and the 
value of E determined by the choice of Q and v. 
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Fig. 4 Plot of incident energy Et versus scattering angle I$ for a spin wave stiffness 

of 30 meVA2. The low-energy solution of Eq. (1) is plotted for Q = 0.5 and 1.0 A-1. 
The corresponding energies are 7.5 and 30 meV, respectively. The dashed lines 
extend to Qmax and Er (I$+,,~~), respectively. This figure shows the possible trade-off 
between incident energy and scattering angle for the chosen value of Q and the value 
of E determined by the choice of Q and D. 

E,,meV L----~__-_~___--‘----_’ 

8oo _ D=300meV2 

600 _ 

.oo - I 
I 
I 
I 
I 
1 

--------------- 
200 . 

Q=o.lp 

I 

Q=o~o52 I __~~------_---___--- 

II 
0 0.1 04 O-3 O4 degrees 

Fig. 5 Plot of incident energy Et versus scattering angle I$ for a spin-wave stiffness 

of 300 meVA2. The low-energy solution of Eq. (1) is plotted for Q = 0.05, 0.1 and 0.2 

A-1. The corresponding energies are 0.75, 3 and 12 meV, respectively. The dashed 
lines extend to t$,,,ex and Et (I&,,.& respectively. This figure shows the possible 
trade-off between incident energy and scattering angle for the chosen value of Q and 
the value of E determined by the choice of Q and D. 
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5. The instrument 

The configuration proposed here is the low-angle flight path of a general-purpose 
high-resolution chopper spectrometer [ii] being built at LANSCE. The spectrometer 
characteristics are given in Table 1. Neutrons emanate from a methane moderator and 
are monochromated by a 600-Hz phased chopper at a distance of 19 m before striking 
the sample at 20 m. The secondary flight path will extend a further 10 m for small 
scattering angles. In the epithermal regime, the incident energy resolution will be 
approximately 0.5%. This approach contrasts with that proposed by Egelstafft31, in 
which a crystal monochromator is used to deflect neutrons out of the direct beam, the 
hope being that this will reduce the background. 

6. Resolution considerations 

In calculating the full resolution function for an experiment of this type, it is 
important to know the value of $o, defined in Fig. 6 as the angle between Q and the 
incident wave-vector 4. Qo is given, by the sine and cosine rules respectively, as 

sin($$ = 2 sin(@) 

CWQ) = 
k; + a” - k; 

2kIQ 

(16) 

(17) 

-- ----- 

k 0 Q 
-F u\ Q - 

CD 

k -I 
Fig. 6 A scattering triangle showing the definition of $0. 

The variation of $o with E at fixed scattering angle is shown for one particular case 
in Fig. 7. For forward scattering (4 = 0), @o + 0 for neutron energy loss, while @o 

+ 180” for neutron energy gain. When @ = +,,,, 
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For neutron energy loss, this means that $(z is less than 45”. Clearly, $a can be 
greater than 45”, as shown in Fig. 7, but in that case one can reach the same energy 
transfer and Q using a lower incident energy. 

\ 

I ’ I 

Q/A 
2 

I I I 
-80 -60 -40 -20 

0a/degrees 

150 

100 

E,= 250 meV 

%= 1’ 

/L 
20 40 60 00 

Fig. 7 The variation of (a) Q and (b) $Q within a time-of-flight scan at constant angle 
t$ = lo and constant incident energy, as might be observed in a single detector 
element in an experiment. 
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We have done a Monte-Carlo simulation of the instrument for the moderator, chopper 
and sample characteristics listed in Table 1. The sample thickness is ignored, as is 

TABLE 1 

Moderator-Chopper Distance 
Chopper-Sample Distance 
Sample-Detector Distance 

Moderator 
Source Repetition Frequency 
Chopper Frequency 
Chopper Diameter 
Chopper Slit Spacing 
Sample Size 

19 m 
lm 

4 m between 10” and 140” 
up to 10 m between -10” and +lO” 

12.5 x 12.5cm2 liquid methane 
12 or 24 Hz 

6OOHz 
10 cm 

1 mm or more 
up to 5 cm x 7.5 cm 

appropriate for small-angle scattering. The detector is assumed to have circular 
symmetry about the straight-through beam and perfect angular and time resolution. 
Results for Er = 250 meV and I$ = 0.76” are shown in Fig. 8. Clearly, both the 
energy and the Q resolution are sufficient for this case. Furthermore, the t and $ 
resolution is such that 2.5-cm-diam. position sensitive detectors at 10 m from the 
sample will easily have sufficient angular resolution for this experiment. It is also 
rather striking that there is some focusing (i.e., the resolution ellipse is oriented 
almost parallel to the dispersion surface for acoustic phonons) both in neutron energy 
loss and in neutron energy gain. In fact, the focusing is even more enhanced at larger 
Q values. This type of focusing has been discussed previously for Brillouin 
scattering experiments on triple-axis spectrometers1131. As one would expect, the t 
and @ resolution is almost constant over this range of the scan, and the changes in 
Fig. 8 are mainly due to the fact that fo changes so dramatically, as in Fig. 7. In 
going from energy loss to energy gain, $o goes from being parallel to & to being 
anti-parallel. Clearly, this type of focusing is not peculiar to chopper spectrometers 
or even constant-Er instruments. It will occur on any instrument for which 
monochromation uncertainties dominate the resolution and when @o is close to 0” or 

180”. In principle, this focusing can be exploited in a Brillouin scattering 
measurement to improve the resolution without loss of intensity. However, the 
dispersion relation is almost tangential to the time-of-flight locus, so one needs to 
make constant-Q scans (or some other type of scan, for instance perpendicular to the 
dispersion curve) to exploit this focusing. This means that one would require rather 
good angular resolution, which would in turn permit reliable interpolation or two- 
dimensional rebinning. 

7. Conclusions 

We have discussed the kinematic constraints on doing neutron Brillouin scattering 
experiments: all the essential information is contained in the negative root of Eq. (1). 



Kinematics and spectrometer resolution 321 

E/m& 

Fig. 8 The C$,E resolution for the proposed Los Alamos spectrometer with an 
incident energy of 250 meV and Q = 0.76”. This corresponds to 

v = 6000 ms-1 and Q = 0.3 Al, one of the special cases mentioned in the 
introduction. The solid curved line is the time-of-flight locus for these parameters and 
the straight dashed lines are the dispersion relations in neutron energy loss and gain 

for sound waves with v = 6000 ms-I. The dashed ellipses represent contours at one 
standard deviation away from maximum assuming scattering from a delta-function in 
Q and E. The total energy widths are in good agreement with the standard analytic 
expressions given in Ref. 8. Note there is longitudinal resolution focusing both in 
energy loss and in energy gain. The physical origin of this effect is explained in the 
text. 
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For sound waves, the incident energies required are proportional to v2 while the 
angular range is proportional to Q/v. For spin waves, the incident energies required 
are proportional to Q2 while the angular range is independent of Q. Experiments on 
sound waves become progressively more difficult as Q decreases, because the 
scattering angle decreases. In contrast, those on spin waves become more difficult as 
Q increases because the incident energy increases very rapidly. 

We have shown that the proposed LANSCE spectrometer will have sufficient E and 
Q resolution to perform such experiments and that there is some focusing, could be 
exploited in such experiments. Finally, the major unresolved question concerns 
background levels in such experiments, whether they be due to working close to the 
straight-through beam or to multiple scattering in the sample and its environment. 
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Appendix: A Simple Graphical Proof that there are 2 physical 
roots to Equation 1 if E s Q2, but that only the 
positive root is physical for E < Q2. 

Strictly speaking Eqn. 1 should be written with the cos2$ factor within the square 
root: 

F? = x2 
4m sin2@ 

{(Q2 + E sin2@) zk 4 (Q4 - c2sin2$) cos2t$ } 

(1% 

This is the solution for Et (or kt), for given E, $ and Q. It is the properties of this 
equation that we shall now examine graphically. 

Firstly, consider scattering triangles for which only the scattering angle + and wave- 
vector transfer Q are fixed. The allowed incident wave-vectors kr trace out a circle, as 
shown in Fig. 9a. Of course the energy transfer E increases as one moves around the 
circle in a clockwise fashion and the smaller circular arc (below the vector Q) 
corresponds to scattering angle x-+ rather than I$. 

Secondly, while remaing in the same space, consider scattering triangles for which 
only the energy transfer E and wave-vector transfer Q are fried From conservation of 
energy and conservation of momentum, it is straightforward to show that 

which is constant for given E and Q. In other words, the component oft parallel to 
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Q is constant, so that the allowed values of t lie on a straight line like that shown 
in Fig. 9b. Of course the scattering angle Q varies as one moves along this line. 

Fig. 9 (a) Allowed scattering triangles for constant Q and 4. lo lies on a circle of 
radius Q/(Psin 4). (b) Allowed scattering triangles for constant Q and E. kl lies on the 
dashed line. 

Now, the values of Er given by Eqns. 1 and 19 are for constant E, Q ti $. These 
are then simply given by the intersections between the circular locus of Fig. 9a and 
the straight line of Fig. 9b. Fig. 10a shows a case where there are 2 allowed 
solutions, with scattering angle $. In contrast, for the case shown in Fig. lob, there 
are still 2 solutions, but the smaller triangle corresponds to a scattering angle of II: - 

. 
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$. As h is smaller for this triangle, it corresponds to the negative “unphysical” root 
of Eqn. 1. The ambiguity within Eqns. 1 and 19 lies in the fact that both 

sin2$ = sin2(z - 4) (20) 
alXl 

co&$ = cos2(7c - $) (21) 

so that Eqn. 19 is ambiguous between r$ and x - $. In other words, it describes the 
full circle in Fig. 9a, and not just the upper arc corresponding to scattering angle I$. 

Finally, the transition between a single physical root and two roots occurs for the 
right-angled triangle shown in Fig. 1Oc. By Pythagoras’ Theorem, 42 = k; - k$, but 
conservation of energy gives E = k;” - k& so the limiting condition is that E = 42. 

Fig. 10 Allowed scattering triangles for constant Q, @ and E, corresponding to the 

solutions of Eqs. (1) and (19). (a) for E > @, (b) for E c @and (c) for E - Q2. 
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Neutron Brillouin scattering in dense nitrogen gas 
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ABSTRACT: In order to develop the field of neutron Brillouin scattering, we 
have assembled a new neutron spectrometer system and have used it to study 
the scattering from dense nitrogen gas at wave numbers from 0.05 to 0.15 A-l. 
We have demonstrated both that the new system is efficient and successful, and 
that these new data conform to existing theory. 
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The effects of chopper jitter on the time-dependent 
intensity transmitted by multiple-slot multiple disk 
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USA 

ABSTRACT: We present Monte Carlo calculations of the time dependence of 
the intensity transmitted by single- and multiple-slot multiple disk chopper 
assemblies, taking into account the effects of chopper jitter. In the case of 
multiple-slot systems, where each of at least two choppers and a mask is fitted 
with two or more slots, a switching function is employed to suppress 
contaminated pulses, i.e., pulses in which neutrons can pass through slots that 
would never line up in the absence of jitter. Such pulses, if accepted, would 
degrade the time resolution of the system. Our results for the time-integrated 
intensity are in good agreement with previously reported semi-analytic 
calculations. The need to reject contaminated pulses in multiple-slot systems 
is emphasized. 

Introduction 

One of the standard ways to pulse a thermal neutron beam is to use a disk chopper 
spinning about an axis parallel to the beamti]. The burst time and the intensity 
transmitted by this type of device depend, inter alia, on the width of the beam, the 
width of the slot in the chopper, and the speed with which the slot passes through the 
beam. In very high-resolution (short burst time) applications, the slot is narrower 
than the beam, and the beam is masked down to the width of the slot, as shown in 
Fig. l(a), in order to achieve the desired performance. (It is assumed throughout this 
discussion that the chopper is turning at maximum speed.) 

A necessary consequence of the masking of the beam is a reduction in the transmitted 
intensity, but the intensity can be effectively doubled, with no change in the burst 
time, using two counter-rotating choppers and, at the same time, doubling the slot 
widths in the choppers and the mask, as illustrated in Fig. l(b). This idea is 
employed in the MIBEMOL spectrometer at the Orphec reactort21 and in the time-of- 
flight spectrometer that is presently under construction at the Hahn-Meitner Institut 
reactor in Berlint31. 

A further doubling in intensity (with no change in burst time) is, in principle, 
achievableI using two counter-rotating choppers and a stationary mask, each fitted 
with two slots whose centres are separated by a distance that is at least twice the 
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width of the individual slots (Fig. l(c)). 

This concept can be- extended still further 

with the next stage being a system of three choppers and a mask, each fitted with 
four slots as shown in Fig. l(d): 

in this case the relative speeds of the choppers are 

+I -1, ad l/2, and again the intensity is doubled with no change in the burst time 
of Be system. 

Fig. 1 (continued on next page). 
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Flg. 1 Schematic views of several chopper assemblies. The width of the neutron 
guide is exaggerated for clarity. in (a) the single-slot single chopper arrangement is 
shown: note that the slots are one-half the width of the slots in the other systems. 
The one-slot and two-slot two chopper setups are shown in (b) and (c) respectively. 
The four-slot three chopper arrangement is illustrated in (d): in this case the third 
chopper is spinning at one-half the speed of the other choppers. It is fitted with a 
second set of slots so that there is still one pulse per revolution of the faster 
choppers. 
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The gains in intensity described in the previous two paragraphs only occur if the 
overall width of the slot system is no greater than the available beam width and if the 
choppers remain exactly phased. In practice the choppers jitter, causing phase 
deviations to occur, and in the remainder of this paper we shall discuss the 
consequences of this departure from ideal behaviour. 

In a previous paper141 we described semi-analytic calculations of the effects of chopper 
phase deviations on the transmitted intensity in the two-slot two chopper and the 
four-slot three chopper systems. Here we shall describe Monte Carlo calculations 
which, though less accurate and in some cases much more time-consuming, are very 
much easier to formulate and code. The time dependence of the transmitted intensity 
is calculated, and the total intensity per pulse is obtained by integration over time. 

Calculations 

Whereas the semi-analytic calculations141 were formulated in dimensionless units, the 
present Monte Carlo calculations are expressed in real units. We consider 50-cm 
diameter disks spinning at 19,lOOrpm (9,550rpm for the slower chopper in the 
three chopper system), with slots of full width 0.5 cm (0.25 cm for the single 
chopper system) and negligible radial extent, placed on the circumference of the disk. 
The peripheral velocity V of the slots in the faster choppers is therefore 500 m/s, and 
the burst time is 5 &s (full width at half maximum height, FWHM). We assume 
that the separation between the disks in the multiple chopper systems may be 
neglected. 

In order to define phasing deviations, we postulate a reference clock with fixed period 
To, Each disk, labelled k, is fitted with a magnetic spot that is detected by a fixed 
pickup at times t,(i) = At, + iTe+&,(i),where At, is a constant delay, i is an 
integer, and &,(i) is the time deviation of the i’th pulse. The function that defines 
the probability that at, has the value x is assumed to be the (normalized) Gaussian 
function G(a,lx), which has zero mean and standard deviation 0,. With no loss in 
generality, we may mentally position the magnetic spots and pickups so that 
AtK = 0 for each disk. I 

Before proceeding any further we need to explain the concept of contaminated pulses 
in multiple-slot chopper systems. As an example we consider the two-slot system 
illustrated in Fig. l(c). The movement of the slots in the choppers (and the lack of 
movement of the slots in the mask) is illustrated in Fig. 2(a), for the case of perfect 
phasing (St, = St2 = 0). If both choppers are delayed the same length of time (i.e., 
if 6t, = St, # 0), the intensity is unchanged, but the burst does not occur at the 
intended time. If the delays are different, as illustrated in Fig. 2(b), there is in general 
a decrease in the intensity of the two princinal components and an associated 
appearance of intensity in two WeBite components. Principal and satellite 
components are due to neutrons that, respectively, do and do not pass through 
corresponding slots in the choppers and the mask. A contaminated pulse is defined to 
be a pulse that has a non-zero satellite component to the intensity. If the width of a 
slot is 2b and the center-to-center slot separation is 2B, then if B = 2b all pulses 
with non-zero relative time deviation must be contaminated and, therefore, 
unacceptable. To reduce the likelihood of a contaminated pulse it is necessary to 
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Fig. 2 Diagrams illustrating tangential chopper displacements y as a function of 
time t for the two-slot two chopper system illustrated in Fig. l(c). In (a) and (b) the 
center-to-center slot separation 28 is exactly twice the slot width 2b, whereas in (c) 
and (d) the ratio x, i.e., B/2b, is greater than unity. In (a) the choppers are exactly 
phased but in (b) they are not, and satellite intensity is evident: the pulse is 
contaminated. In (c) the phase deviations are the same as in (b), but there is no 
satellite intensity because of the increased value of x. On the other hand, the phase 
deviations in (d) are sufficiently large that the pulse is contaminated. 
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make B somewhat greater than 2b. There is then a range of relative time deviations 
for which no contamination occurs, whereas contaminated pulses will be produced if 
the relative time deviation is sufficiently great, as indicated in Figs. 2(c) and 2(d). In 
order to exclude the possibility of degradation of the resolution by contaminated 
pulses, the phases of the choppers should be continuously monitored, and 
contaminated pulses should be rejected by the data acquisition system. Similar 
considerations apply to the case of the three chopper system illustrated in Fig. l(d). 

The rejection of contaminated pulses may be mathematically represented by a 
switching function, as has been previously discussedt4]. For the two-slot two 
chopper system the function is unity for I 5 I c x-1, where 5 = - V(6tr - 6t2)/4b 
and x = B/2b, and otherwise it is zero. For the four-slot three chopper system it is 
unity if one or the other of the following sets of conditions is satisfied: 

I 5 1 c x-1 ti 4c > 0 d I (5+5)/2 I < x-1 
I 5 I < x-1 and c< I 0 and I (25+5)/2 I < x-1. 

Here c = - V(&, + &a - 2&)/4b. If neither of these conditions is satisfied, the 
switching function is zero. 

The first step in each of the calculations was to select standard deviations o, for each 
of the choppers. Standard deviations were made equal for choppers rotating at the 
same speed (i.e., 02 was made equal to ffi), whereas the standard deviation for the 
slower chopper in the three chopper system was assumed to be either the same as, or 
else twice that of, the faster choppers (i.e., cr3/cr1 was set to either 1 or 2): the latter 
choice is equivalent to making the standard deviations of the angular distributions of 
the three choppers identical. A time deviation at, was then selected for each of the 
choppers from the appropriate Gaussian distribution, and the transmission of the 
system was computed as a function of time. The procedure was repeated many times, 
for different choices of the time deviations St,, in order to achieve the desired 
statistical precision. Calculations were made either with respect to the reference 
clock or with respect to the mean delay time of the pickup pulses from the choppers 
(ignoring that of the slower chopper in the case of the three chopper system). In the 
case of multiple-slot systems, time distributions were computed for various choices 
of the parameter x, and calculations were performed both with and without the 
contaminated pulse-switching function described above. 

Results 

We shall use I&o,t) and Ip(c,t) to denote transmitted intensities, time being measured 
with respect to the reference clock and with respect to the mean pickup pulse (as 
described above), respectively. The corresponding time-integrated intensities I&a) 
and Ip(o) are identical, and the shorter notation I(o) will be used. We shall drop the 
subscript on Q except in cases where doing so would introduce ambiguity. 

For all systems examined with the contaminated-pulse-switching function activated, 
Ir(b,t) is only non-zero for time differences less than the burst time of the assembly, 
whereas Ic(o,t) is (for cr > 0) a broader function with undesirable tails. For 
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example, Ir(ff,t) for the single chopper system is a triangular distribution with an 
FWHM of 5 i.ts, independent of CT; whereas Ic(o,t) is the convolution of Ir(o,t) with 
G(olt): 1(0)/I(O) = 1 for all values of cr. In view of the above it is clearly advisable 
(and it is normal practice) to relate the start time of a data acquisition cycle to the 
mean pickup pulse rather than to the system clock. We shall not discuss Ic(o,t) any 
further. 

The function IP(o,t) for the single-slot two chopper system is shown in Fig. 3 for 
several choices of (5. Similar rounded triangular line shapes are found for the time 
distributions Ir(o,t) for all of the multiple-slot systems we have studied. For 
example, Fig. 4(a) shows results for the two-slot two chopper system with x = 1.1: 
note that as CJ is increased, the intensity drops more rapidly than in the case of the 
one-slot two chopper system shown in Fig. 3. In Fig. 4(b) we show time 
distributions for the same system, for o = 1 ps and o = 2 ps, with and without 
the contaminated-pulse-switching function activated The switching function reduces 
the transmitted intensity significantly, but little intensity appears in the satellites if 
it is turned off. For example, the integrated intensity ratio Ir(o)&(O) is reduced from 
-0.99 to -0.83 when CT = 1 its (-0.97 to -0.53 when CT = 2 ps), but the 
contribution to the integrated intensity in the satellites (with the switching function 
turned off’) is only -0.0006 (-0.012). This is because the switching function rejects 
all contaminated pulses, even though almost all of the intensity in these pulses is in 
the principal component. 

-6 -2 2 6 

t h=d 

Fig. 3 Transmitted intensities Ip(o,t) for the single-slot two chopper system. The 
intensity is expressed in units of length. For example, when Q = 0 and t = 0, 
neutrons are transmitted over the full width of the slots, 0.5 cm. Successive plots, 
starting from the top, correspond to s = 0, 1, 2, 3, 4, and 5 p.s. 
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Fig. 4 Transmitted intensities Ip(o,t) for the two-slot two chopper system. The unit 
of intensity is explained in the caption to Fig. 3. Results for x = 1.1 are shown in (a). 
Successive plots, starting from the top, correspond to CJ = 0, 1, 2, 3, 4, and 5 us. 
Intensities for x = I .I, for o = 1 J.LS and o = 2 us, are shown in (b). The darker 
and lighter lines represent the results of calculations where the contaminated pulse 
switching function is on and off, respectively. The scale of the satellite intensities is 
increased by a factor of 10 to make them more apparent. 
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Integrated intensities for the two-slot two chopper system are compared with our 
earlier semi-analytic results in Fig. 5: the agreement is good. The ratio 1(0)/I(0) for 
the one-slot two chopper system is identical to 1(0)/I(0) for the two-slot two chopper 
system with x = ~0, being the convolution of the function fl(&, introduced in 
reference 4 (appendix l), with G(olQ. In Table 1 we present selected results for 
1(0)/I(0) for the two-slot system, derived from the semi-analytic calculations. 

I I I 

2 Choppers - 

u H 
1.2 0 -*-• .-a 
1.4 ‘I . . . . . . . --‘<C 
coo- 

0.0. I I I I I 
0 2 4 

Fig. 5 The time-integrated intensity ratio for the two-slot two chopper system, for 
various choices of x. The symbols represent the p.resent Monte Carlo calculations 

whereas the lines show the results of earlier semi-analytic calculations[41. The line 
labelled x c m also represents the integrated intensity ration for the single-slot two 
chopper system. 

In Fig. 6 we show results for IP(o,& for the four-slot three chopper system with 
Q3 = cq = 1 JM and 2 ~.LLS and x = 1.1, with and without the contaminated-pulse- 
switching function activated: again the switching function reduces the intensity very 
significantly, but there is little intensity in the satellites when the switching function 
is turned off. Intensity ratios 1(0)/l(O) for this system, for CL& = 1 and 2, are again 
in good agreement with the earlier semi-analytic calculations, and selected results 
from the latter calculations are given in Table 2. 
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Fig. 6 The time-dependent intensity Ip(o,t) for the four-slot three chopper system 
with x = 1.1, o1 = 63, and cq = 1 fr.s and ol = 2 ~LS. The darker and lighter lines 
represent the results of calculations, where the contaminated-pulse-switching 
function is on and off, respectively. The scale of the satellite intensities is increased 
by a factor of 10 to make them more apparent. The unit of intensity is explained in the 
caption to Fig.8 
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Table 1. Values of the integrated intensity ratio for the two-slot two chopper 
system for selected values of x = B/2b. The column for 2 = 00 also represents the 
integrated intensity ratio for the single-slot two chopper system. The quantity ot is 

givenf4] by $ = (V/4b)*(ot+og) so that, for the system studied in this paper, 

x 
9 

1.100 1.200 1.300 1.400 00 

0.00 1.000 1 .ooo 1 .ooo 1 .ooo 1 .ooo 
0.02 0.999 0.999 0.999 0.999 0.999 
0.04 0.985 0.997 0.997 0.997 0.997 
0.06 0.900 0.992 0.993 0.993 0.993 
0.08 0.785 0.976 0.987 0.987 0.987 
0.10 0.679 0.940 0.978 0.980 0.980 
0.12 0.592 0.888 0.962 0.971 0.971 
0.14 0.522 0.830 0.937 0.958 0.961 
0.16 0.465 0.772 0.904 0.942 0.949 
0.18 0.419 0.717 0.867 0.920 0.935 
0.20 0.381 0.667 0.828 0.895 0.920 
0.24 0.321 0.581 0.750 0.838 0.887 
0.28 0.277 0.5 12 0.679 0.779 0.850 
0.32 0.244 0.456 0.617 0.721 0.811 
0.36 0.217 0.411 0.563 0.667 0.772 
0.40 0.196 0.373 0.516 0.619 0.734 
0.50 0.157 0.303 0.426 0.520 0.645 
0.60 0.132 0.254 0.361 0.445 0.570 
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Table 2. Values of the integrated intensity ratio l(o)/l(O) for the three chopper 
system for selected values of x = B/2b, for odol = 1 and 2. The quantity 05 is 

givenI by o: = (V/4b)*(o: + o> . 

x 1.100 1.200 1.300 1.400 1.100 1.200 1.300 1.400 

03/Ql = 1 = 2 

0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
0.02 0.998 0.998 0.998 0.998 0.995 0.996 0.996 0.996 
0.04 0.975 0.992 0.992 0.992 0.884 0.984 0.985 0.985 
0.06 0.844 0.979 0.98 1 0.98 1 0.677 0.940 0.965 0.966 
0.08 0.674 0.946 0.966 0.966 0.497 0.852 0.93 1 0.940 
0.10 0.528 0.880 0.945 0.948 0.367 0.742 0.877 0.906 
0.12 0.416 0.795 0.913 0.926 0.278 0.634 0.811 0.863 
0.14 0.333 0.705 0.869 0.899 0.215 0.537 0.740 0.813 
0.16 0.270 0.621 0.816 0.867 0.171 0.455 0.668 0.759 
0.18 0.223 0.546 0.759 0.830 0.138 0.388 0.600 0.704 
0.20 0.186 0.481 0.701 0.789 0.114 0.332 0.538 0.649 
0.25 0.125 0.354 0.567 0.680 0.075 0.233 0.409 0.525 
0.30 0.089 0.268 0.458 0.577 0.053 0.170 0.316 0.424 
0.35 0.067 0.208 0.373 0.488 0.039 0.129 0.248 0.344 
0.40 0.052 0.165 0.307 0.414 0.030 0.101 0.199 0.283 
0.50 0.034 0.110 0.215 0.303 0.020 0.066 0.135 0.197 
0.60 0.023 0.079 0.158 0.228 0.014 0.047 0.096 0.144 

Discussion 

We have described Monte Carlo calculations of the time-dependent intensity and the 
integrated intensity transmitted by single- and multiple-slot chopper systems. The 
results of earlier calculationsI of the integrated intensity are fully confiied. This in 
itself justifies the present calculations, since the earlier calculations were quire 
complicated in their formulation. In the course of the present work, an error was 
discovered (prior to publication) in one of the equations of reference 4. This lends 
credence to the argument that Monte Carlo calculations may be used to check analytic 
calculations, and vice versa. 

Figures 4(b) and 6 demonstrate the effects of activating the contaminant-pulse- 
switching function with multiple-slot chopper systems. The loss in intensity is 
considerable, especially when cr is large; but the pulse is perfectly clean. The 
satellite peaks, which appear when the switching function is not used, have 
potentially disastrous implications with respect to the interpretation of time-of-flight 
data acquired under such circumstances. The best course of action is to use very 
stable choppers, e.g., with a CT of order 10% or less of the burst time, and to reject all 
contaminated pulses. 
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It is our intention to build a high-resolution multiple-disk-chopper time-of-flight 
spectrometer in the neutron guide hall of the Cold Neutron Research Facility at the 
National Institute of Standards and Technology (formerly the National Bureau of 
Standards). The design specification requires burst times of the order of 5 - 10 ps, 
and the available guide dimensions are such that we may well decide to include an 
option to use the two-slot double chopper arrangement illustrated in Fig. l(c). We 
expect to operate the choppers at a maximum speed of 20,000 rpm, and the mean 
chopper disk diameter will be of order 50 cm. The calculations described in this 
paper and in our previous publicationt41 suggest that CT for each of the choppers 
should be no greater than 1 ps if x = 1.2. Recent measurementsI of this quantity, 
using a chopper system build at the KFA (Jtilich, Federal Republic of Germany) 
research center, indicate that values of o of the order of 50 - 100 ns may be 
achieved. It, therefore, seems that the necessary technology already exists so that we 
can exploit the multiple-slot chopper concept and, thereby, realize a significant gain 
in instrumental throughput. 
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Intense spallation neutron sources can provide a useful eV neutron flux in the energy 
range l-100 eV, which is much more intense than has ever been available from 
steady state sources, and makes two fruitful techniques possible. One is an eV 
neutron scattering technique, which allows the impulse approximation limit to be 
approached. In this limit, the scattering function is simply related to the momentum 
distribution n@) of the struck particle (mass M) by [ 1,2] 

S(Q, tie - R) = 
J 

dpS(fiw - R - Ii&. p/M)+), (1) 

where fLQ is the momentum transfer and R = h2Q2/2M the recoil energy. If 

n(p) is Gaussian, S(Q, tW - R) can be written as 

S(Q, fiw - R) = (6&)-’ exp (-(L - R)2/2ui). (2) 

In this equation, OR = d-and kBT=E = (2/3) < K >, where < K > and 

T=E are tLe mean kstk energy and the effective temperature, respectively. The 

mean kinetic energy and the effective temperature are related to the density- 

of-state f(E) . Thus, 

kBTeE = (2/3) < K >= (l/2) EDEf(E)coth(E,2kBT)dE. 
J 

(3) 
0 

T is the real temperature of a sample and ED the maximaum energy of f(E) . 

If f(E) CC F (Debye model), T’ff is given by 

kB@D 

&%ir = (z/2) 1 E3coth(E/2ksT)dE/(kB6D)3, (4 
0 

where 0~ is the Debye temperature. This method has been applied to measure- 
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ments of the momentum distribution in pyrolytic graphite, superfluid helium 

and metal hydrides. Some successful results have already been obtained [3,4,5]. 

In eV neutron scattering, atoms in a solid are considesred to be “free atoms”. 

Hence, the overall scattering function, Stotal, for a mixed system, such as com- 

pounds and alloys, should be written as a sum of the scattering functions of 

atoms A,B,C . . : 

s total = . Ni' - .S+‘(Q, hu - q;)), (5) 

where q;), a$‘) and Nt’ are the recoil energy, neutron scattering cross section 

and number density. Let’s consider a compound composed of two kinds of atoms 

(A and B ; MB > MA ). If RA >> RB, S,,l has two distinct peaks around 

tiw = RA and fw = RB, corresponding to scattering from atoms A and B. This 

unique nature of eV neutron scattering provides an opportunity for the direct 

observation of the motion of a specific atom, separated from the others. 

Another one is an eV neutron absorption technique. Many heavy atoms, 

such as Taj lJ, Sb, Ba and Ho, have large neutron resonant absorption in the 

energy range l-100 eV, and the cross section of neutron absorption, u’, is also 

described using the effective temperature in the weak binding appro.ximation, 

as follows [6]: 

d = oe~(zJ;;)-’ 
I 

do exp [-(U2)2(z - yJ21/(1 + ~“1, (6) 

where e = 2(E - Ea - R)/I’i, t = I’;/A, R = (m/M)E,, and A = 2Je. 

Here, m is the neutron mass and o0 the peak cross section of neutron absorption. 

The intrinsic line width, I’; , is defined as the full width at half-maximum of 

the resonance. Since a specific atom is identified by the resonance energy, Eo 

, one can measure the effective temperature of the specific atom by using the 

width of the resonance peak, apart from the other atoms in a mixed system. 

The finite thickness of the absorbing material leads to self-shielding effects, and 

the probability for neutron absorption is given by [6] 

PA(E) = 1 - exp(-nda), (7) 
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where n,J is the number density of the resonant absorbing atoms per unit area 

perpendicular to the neutron beam. 

A schematic layout of an eV neutron scattering spectrometer is shown in 

Fig.l(a). Pulsed white neutrons produced at to on the moderator are scattered 

by a sample, and the scattered neutrons of final energy Ef are captured by a 

resonance foil. The probability of neutron absorption of the resonance foil also 

can be described by PA in Eq.(7). Promptly after the neutron capture, a 

y -cascade is emitted from the resonate foil, which is detected by a scintillator. 

The energy of the incoming neutrons is determined by the time-of-flight(TOF). 

In thii geometry, the TOF scattering spectrum Is(t) is given by 

x 1/ Eff Ei. S(Q, w - RI, (8) 

where 1; = IX, - X,], ii = IX, - Xn], cos@ = (XM - XS) . (XS - Xn)/lJr and 

(M/m)R = fi2Q2/2m = Ei _t Ef - 2~~0~6. Here, I(Ei,t,) is the neutron 

intensity of energy E; at the emission time to on the moderator. E,v and 1 are 

the neutron energy, neutron velocity and flight path length, respectively, and 

i and f refer to incoming and scattered neutrons. X~,xs and Xn represent 

positions on the moderator, the sample and the detector, respectively. Fig.l(b) 

shows a schematic layout of the neutron absorption spectrometer. The prompt 

capture 7 -cascade produced in the sample is detected by a scintillator and the 

energy of the incoming neutrons is determined by TOF. The TOF spectrum of 

the resonant neutron absorption, IA(t), is given by 

IA(f) = 
J 

dEfdErdtoPA(Ef)I(Ei,to)s(t - to - k/Vi). (9) 

The discovery of superconductivity in the temperature range 30-100 K for 

the La-Cu-0 system [7] and the Y-Ba-Cu-0 system [8,9] is one of the most 

exciting events in the recent solid state physics. Many attempts to explain such 
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Fig. 1 Layout of an eV neutron scattering spectrometer (a) and a neutron 
absorption spectrometer (b). 

extraordinarily high T, values have been made with the conventional electron- 

phonon coupling theory [ 10,l l] as well as with non-phonon mechanisms [12]. 

The most direct test for such theories is to look for the predicted excitations by 

using inelastic neutron scattering techniques. Actually, many experiments have 

been performed using thermal and epithermal neutrons in the energy range 

EC <<l eV [13,14]. As mentioned above, the eV neutron scattering and eV 

neutron absorption experiments also can provide new important information 

for the understanding of the high-T, mechanism, which has never been obtained 

by ordinary neutron scattering experiments. For the first time, I applied these 

methods to the observation of the motions of the specific atoms in La-Cu-0 and 

Y-Ba-Cu-0 systems. In this paper, I will report a procedure of the application. 

Each powder sample of copper metal, CuO , La&u04 and YBazCuaOr , 

was held in a zirconium cell of IO-mm diameter, &cm height and 50-pm thick- 

ness, and set at a distance of 8.361 m from the moderator surface. A resonance 

foil of tantalum (5 cm x 5 cm) at room temperature was installed at a distance 
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of 0.15 m from the sample with fixed at an angle of 159 degrees. Scattered 

neutrons with a final energy of Ef = 4.28 eV were detected by a tantalum 

foil with a scintillator. In these conditions, Q N 90A-1 was realized. Figs.2, 

3, 4 and 5 show the neutron scattering TOF spectra of copper metal, CUO 

, LazCzsO~ and YBa&bO, , in which the background has been subtracted. 

These TOF spectra were measured at a channel width of 0.5 psec. I calculated 

the single scattering and multiple scattering TOF spectra and plotted them 

in Figs.2, 3, 4 and 5 as solid and doted lines. In these figures, the thin solid 

lines, the doted lines and the thick solid lines represent the single scattering 

spectra calculated by Eq.(8), calculated double scattering spectra and the sum 

of those, respectively. In the case of copper metal, the effective temperature at 

T = 300 K was calculated to be 319 K using the Debye temperature of copper 

metal, 4, = 343 K (see Eq.(4)). The TOF spectrum was calculated with T,tf 

= 319 K and compared with the measured data. Good agreement between the 

calculated spectrum and the measured data was obtained, as shown in Fig.2. 

This result suggests that the Debye temperature can be well estimated from 

the effective temperature using Eq.(4). F or a mixed system, such as CuO , the 

TOF spectrum should be calculated using Eqs.(S) and (8). A fit was made to 

the measured spectrum using the effective temperatures of Cu and 0 as param- 

eters. A satisfactory fit to the measured spectrum was obtained with T,s = 375 

K for Cu and Td = 550 K for 0 , as shown in Fig.3. For a more complicated 

compound, such as La&u04 , the TOF spectrum can also be calculated by 

using Eqs.(5) and (8). The total scattering Stotar in Eq.8 should be written as 

the sum of three components. A similar fit was made to the measured spectrum 

of La&‘u04 using the effective temperatures of Cu , 0 and La as parameters. 

A good fit was obtained with Tee = 600 K for Cu , Td = 550 K for 0 and Tee 

= 500 K for La , as shown in Fig.4. 

YBa&‘u307 is a very complicated system comprising four kinds of atoms. 

It is, of course, possible to perform a similar fit with many parameters, though 

a precise determination of the effective temperatures seems to be very difficult. 

Therefore, I tried, at first, to detemine the effective temperatures of Ba and Y 
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Copper metal at 300K 

Fig. 2 Neutron scattering spectrum of copper metal at 300 K. The thick solid line 
is a calculated spectrum with T,&l9 K. The thin solid line and dotted line are 
calculated single and multiple scattering, respectively. 
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Fig. 3 Neutron scattering spectrum of CuO at 300 K. The thick solid line is a 
calculated spectrum with Te~=375 K (Cu) and T,ft=550 K(0). The think solid lines 
and the dotted line are calculated single and multiple scattering, respectively. 
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Fig. 4 Neutron scattering spectrum of La2Cu04 at 300 K. The thick solid line is a 
calculated spectrum with T*ff=600K (Cu), T,ftp550 K (0) and T*&OO K (La). The 
thin solid lines and the dotted line are calculated single and multiple scattering, 
respectively. 
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Fig. 5 Neutron scattering spectrum of YBa2Cu& at 300 K. The thick solid line is 
a calculated spectrum with T,v750 K (Cu), Te~550 K (0), Teff300 K (Ba) and 
T,p300 K (Y). The thick solid lines and the dotted line are calculated single and 
multiple scattering, respectively. 
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by neutron absorption experiments, and then to fit to the measured data using 

only two effective temperatures of CU and 0 as parameters. I performed neu- 

tron absorption experiments on HoBa&usOP instead of YBa&‘u307 , since 

165Ho and 135Ba have very large neutron resonant absorptions at 3.92 eV and 

24.4 eV, respectively. However, Y has no neutron resonant absorption in the 

energy range l-100 eV. HoBazCu307 is isostructural to YBa2Cu307 , and its 

transition temperature is the same as that of YBazCu307 [15]. Therefore, the 

effective temperatures of Ho and Ba in HoBazCu307 is considered to be the 

same as those of Y and Ba in YBasCu307 . In order to test the neutron absorp- 

tion spectrometer, neutron absorption experimnts were performed on holmium 

metal foil (5 cm x 5 cm, 25 pm) at 300 and 20 K. The TOF spectra, IA(t), 

was calculated by Eq.(9) and fitted to the measured spectra using the effective 

temperature of Ho as a parameter. Excellent fits to the measured spectra at 

300 and 20 K were obtained with T,g = 300 K and T,E = 80 K, respectively. In 

the calculation of IA(t), I used r; = 87 meV and 00 = 9510 barn, which were 

taken from ref.(16), and nd = 7.95 x 10” cms2 which was calculated from the 

foil thichness. These results were consistent with a previous measurement [l?]. 

I prepared a sample of HoBa-&‘u307 (2 cm x 2 cm and 0.2 mm thick) and 

set it on the sample position. n,j ‘s of Ho and Ba in thii sample, were 6.5 x 1OLg 

crnd2 and 13 x 10lg cmB2, respectively. Figs.6 and 7 show the TOF neutron 

absorption spectra of Ho and Ba in HoBazCu30r , which were simultaniously 

measured at 300 and 20 K. The channnel width was 0.125 ,~sec. IA(i) for Ho 

in HoBa2Cu307 was calculated with the same values of I’; and a0 as those 

used in the calculation for holmium metal. The solid lines in Figs.G(a) and 

(b) were calculated with T,g = 300 K and T,E = 80 K, respectively. Excellent 

agreement with the measured spectra was obtained. Note that the effective 

temperatures of Ho in HoBa2Cu307 are the same as those of holmium metal 

at both 20 and 300 K. These results indicate that the Debye temperature of 

Ho in HoBazCu30T is the same as that of holmium metal. IA(t) for Ba in 

HoBazCu307 was also calculated using I’; = 124 meV and u. = 4680 barn, 

taken from ref.(l6). Since the Debye temperature of barium metal is 116 K, 
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Fig. 6 Neutron absorption spectra of Ho in HoBa2Cus07 at 300 K and 20 K. The 
solid lines are the calculated spectra with T&300 K (a) and T,@O K (b), 
respectively. 
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Fig. 7 Neutron absorption spectra of Ba in HoBa&u& at 300 K and 20 K. The 
solid lines are calculated spectra with T,=&IOO K (a) and T,p45 K (b), respectively. 



350 e V scattering 

the effective temperatures of barium metal at T = 20 K and T = 300 K were 

calculated to be 45 and 300 K, respectively. The solid lines in Figs.‘l(a) and (b) 

were calculated with T,E =300 K and T,E = 45 K, respectively. Good agreement 

with the measured spectra was obtained. These results also indicate that the 

Debye temperature of Ba in HoBu&u307 is the same as that of barium metal. 

From these results, the effective temperatures of Y and Ba in YBazCu307 at 

T = 300 K were assumed to be T,g = 300 K. Then, the effective temperatures 

of Y and Ba were fixed and a fit was made to the neutron scattering spectrum 

of YBa2Cu307 using the effective temperatures of CU and 0 as parameters. A 

satisfactory fit to the measured spectrum was obtained with T,f = 750 K for 

Cu and Te* = 550 K for 0 , as shown in Fig.5. 

Table I shows the effective temperatures of 0 and Cu in copper metal, CuO 

, Lu2Cu04 and YBu&‘u~O~ , obtained by the present experiments. Note that 

the effective temperature of 0 is 550 K in CuO , La&u04 and YBu~Cu307 . 

This value is almost the same as the effective temperature of 0 in Hz0 at T = 

300 K, TeR’ = 500 K [5]. My results may suggest that the effective temperature 

of 0 is almost independent of the structure and the bonding atom. The most 

interesting result in my experiments is that the effective temperatures of Cu 

in La&u04 and YBu&‘u~O~ are much larger than those of CuO and copper 

metal, and that the effective temperature of Cu in YBa&u307 is larger than 

that in LaiCu04 . The neutron absorption spectra of Ta in TaC and Taz05 

were measured in order to determine the effective temperatures of Tu. The 

results show that the effective temperatures of Ta are almost the same as that 

of tantalum matal in a wide temperature range of 40 - 300 K [17]. Generally, 

the effective temperature of a heavy atom in a compound with light atoms is 

considered to be the same as that of the pure heavy atom’s metal, independently 

of the bonding atoms. My results for Cu in La&u04 and YBa2Cu307 are 

opposed to ‘the sound consideration’. This suggests that the Cu vibration is 

abnormal in Lu2Cu04 and YBa2Cu307 . It might be interesting to calculate 

the Debye temperature by Eq.(4) in order to make ,a rough estimate of the 

density-of-state. The dashed line in Fig.8 shows the relation between the Debye 
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temperature and the effective temperature at T = 300 K. By this relation, 

the Debye temperature of 0 was determined to be about 1400 K, and the 

Debye temepratures of Cu in La&u04 and YBa2Cu307 were determined to 

be about 1500 and 2000 K, respectively. This indicates that the 0 vibration 

spectrum extends to 120 meV in CuO , La&‘uOc and YBa&‘u307 , and that 

Cu vibrations in La&uO* and YBa2Cu307 may extend to 130 and 170 meV, 

respectively. 

, 

0 cu 
T,ff W / %(K) Teff W / ED 

Copper metal 319 / 343 

cue 550 / 1400 375 I 100 

La2004 550 / 1400 600 / 1500 

YBa2Cu307 550 / 1400 150 / 2000 

Table I Effective temperatures and the Debye temperatures of 0 and Cu. 
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Fig. 8 Relation between the effective temperature and the Debye temperature at 
300 K. 
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Future perspectives for liquids and amorphous 
materials diffraction at ISIS 

A. K. Soper 
Neutron Science Division 
Rutherford Appleton Laboratory 
Chilton, Didcot, Oxon, OX1 1 OQX 
UNITED KINGDOM 

ABSTRACT: A review is given of the current state of neutron diffraction 
from liquids and amorphous materials at ISIS. In particular the justification 
and status of the SANDALS diffractometer, which is now undergoing detailed 
design and construction, is reviewed, and compared with competing 
diffractometers in Europe and the U.S.A.. A general description of this 
instrument is included. 

1. Introduction 

In the last three years the proton current at ISIS has increased steadily so 
that it now operates routinely at lOOnA. Although this is still below the 
design current of 200uA, it has become apparent that the majority of working 
neutron instruments are performing at least as well as originally planned and 
in some cases much better than expected. For liquids and amorphous materials 
diffraction the Liquids and Amorphous Diffractometer (LAD) was originally 
designed as the main workhorse for structure factor (S(Q)) measurements, and 
it has produced high quality datasets on such diverse materials as deuterium 
gas, superionic glasses, molten salts, molecular liquids, and aqueous 
solutions. Figures 1 and 2 show the measured structure factor and pair 
correlation function, g(r), for amorphous boron as measured on LAD (R G 
Delaplane and U Dahlborg, 1987, unpublished data). Table I lists the 
experiments accomplished since May 1988. Recently the solid angle of the 
lower scattering angle detector banks on LAD was increased by a factor of 8 
and this, combined with the high proton currents, means that more difficult 
experiments such as isotope substitution experiments have been tackled 
successfully. 

ISIS and therefore LAD have come rather late in the field of disordered . 
materials diffraction because intense reactor neutron facilities have been 
available in Europe since the early 1970’s for this type of work. The ILL at 
Grenoble and the Orphee reactor at Saclay, both in France, have high count 
rate liquids instruments available, and several other European institutions 
have useful albeit lower flux facilities. Additionally in the time it has 
taken to bring ISIS on line liquids diffraction facilities at the ILL have 
undergone several upgrades with substantial rises in count rate. In the case 
of liquids or amorphous materials, where structural features are intrinsically 
broad the most difficult experiment that can be attempted correlates directly 
with the number of neutrons per measuring bin accumulated in the course of an 
experiment. ILL with its diffractometers D4B and D20, has generally taken the 
lead in terms of countlrate, it being routine to obtain 10 counts in a Q-bin 
of width of say o.oSA in a few hours of running time. As a result there have 



354 ISIS liquids and amorphous perspectives 

I.5 

1.0 

0.5 

-0.5 

-1.0 

4.5 

4.0 

3.5 
6 .- 
z 3.0 

.Z 
2.5 

G ._ 
5 2.0 
6 
= 
8 I.5 

.= :: 1.0 

5 10 15 20 25 

Q (Angstroms~-1) 
Figure 1. Measured structure factor for amorphous boron on LAD at room 
temperature. 
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Figure 2. Calculated pair correlation function for amorphous boron, based on 
the structure data of figure 1. The coordination number of the first peak is 
6, indicative of the icosahedral packing which has been proposed for this 
material. 
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been several significant achievements in liquid and amorphous diffraction at 
ILL: perhaps the most important contribution is that isotope substitution has 
become a routine technique for probing complex materials. It has for example 
revolutionized the study of ions in melts and aqueous solutions. 

TABL8 I Rxperiments on LAD Ray 

Investigator Institution 

Wood/Howe Leicester University 
Borjesson/Torell Chalmers il., Sweden- 
WrinhUSinclair 
Neiison/Sandstrom 

Reading/Harwell 
Bristol/Stockholm 

Dupuy Lyon, France 
Skipper Oxford 
Fontana Par-ma, Italy 
Dahlborg Stockholm, Sweden 
Bermejo Madrid, Spain 
Burgess ICI 
Orton Brunel 
Neilson/Adya Bristol 
Yamaguchi Fokoda, Japan 

Therefore the case for using a pulsed source for diffraction on 1s:;uids and 

- September 1988 

Sample 

molten KCl/ZnC12 
superionic glasses 
Pb-germanate glasses 
Cr-perchlorate solutions 
LiC1.6D20 glasses 
Ni-vermicullite.3Ii,O 
Cu-nitrate solutiofs 
iso-propanol glasses 
butane, methanthiol 
battery polymer 
molten antimony 
molten ammonium nitrate 
lathanide perchlorate solutions 

amorphous materials is based not on count rate, at which reactor sources have 
traditionally excelled, but on two instrinsic weaknesses of the reactor 
experiment 
operates, 

which are unavoidable. First of_1all the reTion of 0 over which it 
typically in the region of 0.4A to 17 A- 

0.7A) is always finite. 
for D4B (wavelength = 

This range can be extended by using several 
wavelengths but that reduces the effective count rate by a factor of 2 or 3. 
Also the reactor experiment necessarily involves a scan in scattering angle at 
fixed incident energy. This means that recoil or Placzek effects (Placzek 
1952) deteriorate with increasing Q value resulting in great controversies 
about to how to cope with the corrections. (See for example the various 
attempts to measure the partial structure factors in liquid water: Thiessen 
and Narten, 1982; Soper 1984; Dore, 1985) 

For time-of-flight diffraction, which uses fixed scattering angles, the range 
of Q vtlues availfble is much broader, (for example LAD has a range in Q from 
-0.15A- to >soA- ) and the recoil correction is nearly independent of Q at 
small scattering angles (see figure3). It will be noted that the correction is 
particularly small for scattering angles below 20’. 

The LAD diffractometer at ISIS has detectors at scattering angles of 5O, loo, 
200, 35O, 58”, 90° and 150°, and resolutions (&Q/Q) at 20’ of -2% and at 150° 
-0.5x, Howells (1980). These are certainly good for most applications 
concerning disorderd structures. In fact in the past LAD has doubled as a good 
medium resolution powder diffractometer. In addition the background is 
exceptionally low, the beam-on, no-sample count rate being essentially zero, 
due to the high degree of collimation in the scattered beam. Figure 4 shows a 
diagram of the instrument. 

Aowever this high degree of secondary flight path collimation ultimately 
limits the usefulness of LAD because it imposes detector solid angle 
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Figure 3. Calculated single atom scattering for a free particle of mass 2 at 
40K. The number on each line refers to the scattering angle. 

Figure 4. Layout of LAD. The unshaded region:, between scattered flight tubes 
is filled with shielding wax. The solid angle of two 20’ banks combined is 
-0.02 sr. 
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constraints which mean the count rate the ILL 
diffractometers over a 

is only as good a9 
rather limited range of 0 near MA- . (See the 

discussion in Section 3 and Figure 5.) Therefore several years ago a proposal 
was made to complement LAD with a Small Angle Neutron Diffractometer for 
Amorphous and Liquid Samples (SANDALS) which would emphasize the small angle 
scattering region. By doing so 
attainable to approximately 0.05A- 

ft would reduce even further the smallest Q 
(this is crucial for experiments, such as 

those aiming at determining the pair potential, where accurate pair 
correlation functions are required), at the same time as reducing recoil (or 
Placzek) corrections by performing the whole diffraction measurement at small 
scattering angles. Subsequently two further conditions were established: to be 
viable SANDALS would have to be very competitive with ILL in terms of count 
rate. Also there has been a long-standing interest in the possibilities of 
exploiting the anomalous dispersion of the neutron scattering length near a 
nuclear resonance to tackle the problem of extracting partial structure 
factors from multicomponent systems: this would require a continuous span of 
detectors with scattering angle. These added requirements have necessitated 
several redesigns, but the various ideas have now converged to a final design 
which is currently under construction. The present schedule calls for the main 
detector tank and part of the detector bank to be in operation by the end of 
1989. 

This article therefore is devoted for the most part to a review of the ideas 
that have lead to the final SANDALS proposal. 

2. Tests with the SANDALS prototype 

Before final design of SANDALS could proceed it was necessary to check certain 
key aspects of the instrument, in particular the detector performance, the 
beam collimation and the count rate, and also to gain experience with data 
analysis with a large number of detectors. The original proposal called for a 
14m flight path and since much of the collimator and beam stop had already 
been purchased these were installed on the beamline. A tank (volume 1x1~3111) 
from the NIMROD accelerator was filled with argon and used as a detector tank: 
the detectors were two glass scintillator optically encoded modules, formerly 
from the LOQ instrument, making a total of 1120 detectors. These detectors 
subtended scattering angles of 4O - a0 and 11” - 26O respectively at the 
sample position. In addition several other detector types and configurations 
were tested. One experiment, on the water correlation functions in 
concentrated solutions of urea, was completed, Finney, Soper and Turner (1988). 

The prototype produced the expected count rate based on known moderator 
parameters. However backgrounds were quite severe at high neutron energies 
(>leV), particularly at the smallest scattering angles. Comparison with other 
ISIS instruments indicated that there was a similar problem although much 
scaled down on LAD at 5’ scattering angle and also on BET (with both choppers 
removed) at small scattering angles. In all three cases the problem appears 
to be related to the fact that the B4C used in the collimator becomes a 
partial scatterer of neutrons and is less efficient at neutron capture at 
high neutron energies. As a result since the small angle detectors are 
difficult to shield they may view this B4C and the background problem becomes 
exacerbated. Therefore careful attention has been paid in the SANDALS design 
to the final collimation stage. 

The other main achievement of the prototype was to test various detectors. On 
the assumption that %t would be prohibitively expensive to build the final 
detector bank from Be tubes, then the only practical alternative yas 
scintillator detectors, which could be built for a fraction of the cost of He 
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tubes. Because they have not been tested nearly so extensively in neutron 
scattering applications, scintillator detectors inevitably require a longer 
development time. Two types of 
scintillator and zinc 

scintillator detector have bee8 tested: glass 
sulphide scintillator. Both rely on Li for initial 

neutron 
but 

capture. The former have an intrinsic deadtime 2on the order of loons, 
have a high background, on the order of 0.5cts/s/cm , and more importantly 

cannot be made completely y-insensitive. The latter property turns out to 
serious for liquids and amorphous solids diffraction since many potential 
samples are likely to be sources of y radiation when in a neutron beam. It is 
particularly serious for SANDALS where the demand for high efficiency 
detectors means thick scintillators are needed. 

On the other hand the zinc sulphide scintillator which is built from a 
sandwich of scintillator materials between glass sheets 
extraction, 

3 to assist light 
had y sensitivity only marginally higher than a He tube and hag a 

very low intrinsic background. Its deadtime was on the same order as a He 
tube. However the count rate in an individual module on SANDALS is unlikely to 
be sufficient that dead time would be important for these detectors. The zinc 
sulphide detector3 has the important advantage that it can be made more 
efficien’t than a He tube at epithermal energies: a module 20mm deep can be 
made -30% efficient a5 a neutron energy of lOeV, which is twice as efficient 

the corresponding He tube. Therefore it was 
z:lphide scintillator for SANDALS. 

to decided to employ the zinc 

3. Count rate calculation and comparison of instruments 

For liquids and amorphous materials diffraction, irrespective of whether it ‘is 
constant wavelength or time-of-flight diffraction, the structure factor S(Q) 
is measured versus the momentum transfer, hQ/Zn, where for elastic scattering 

Q = 4n sin 0 / X (1) 

and 28 is the scattering angle and X the neutron wavelength. Because the 
features in S(Q) are rather broad (compared to crystalline powder diffraction) 
the requirements for resolution are relatively relaxed, but an adequate count 
rate can be crucial to obtaining a useful result, particularly for those 
experiments which involve differencing datasets as a function of pressure, 
temperature, isotope, etc. In these cases the differential behaviour is 
usually more important than the total scattering pattern. Therefore count rate 
is almost always the primary quantity of fnterest. Typically the data for S(Q) 
are mapped out in bins of width 0.05A- , and the quantity of interest in 
rating the performance of a diffractometer is therefore the count rate per 
Q-bin per unit volume of standard scatterer which is normally vanadium:- 

neutrons / s / o.osA-’ / cm3 of vanadium (2). 

This definition serves to normalize out differences between instruments which 
are purely geometric in origin, (usually the size and shape of the beam at the 
sample position). This number is also useful to know for a given 
diffractometer: a rough estimate of the count rate for a given sample can be 
obtained by multiplying it by the volume of sample times the ratio of sample 
scattering - cross section to‘ vanadium scattering cross section. It would -be 
heloful therefore if this number could be specified for all liquids 
diffractometers so that realistic intercomparisons could be be made.. For 
convenience I shall refer to the count rate number according to (2) as the 
“C-number” for a given diffractometer. 
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For reactor experiments the count rate is almost independent of Q, but for 
pulsed sources the spectrum falls as l/Q in the epithermal region. In addition 
the detector $fficiency is proportional to X - l/Q, so the measured count rate 
falls as l/Q . InlpSactice efficiency corrections mean that the intensity 
falls more like l/Q ’ , but even so there is a dramatic fall in measured count 
rate with increasing 0, as shown in figure 5, where the measured spectrum for 
LAD at a scattering angle of 20° is displayed. 

TIRE : C-Number for L40 at 20 deg. 

lot 

5 

1’ 

0.5 
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n/O.O5k’/s/cmV 

Figure 5. Measured count rate (or “C-number” - see text) for 
scattering angle as a function of Q. Note the log axes. 

LAD at 20° 

For the methane moderator at ISIS, the parameter that describes the epithermal 
flux is 0 and at 100uA proton current and 750 MeV energy, this has the value 
for a modegator area of 100 square cm, Taylor (1984) 

dI/dE = e. = 2.7 x 1012/Eo~g2n/eV/sr/100cm2/s (3). 

Now E - Q2 SO dI/dQ = 2(E/Q)dI/dE = 5.4 x 1012/Q n/h-1/sr/100cm2/s 

= 2.7 x loll/~ n/0.05h-1/sr/100cm2/s (4). 

Using these values the expected count rate on LAD can be estimated. It is 
assumed that: - 

the collimator views most of the active area of moderator; 
iii) the incident flight path is 1Om; 



360 ISIS liquids and amorphous perspectives 

(iii) the sample is a cube of vanadium, 10 x 10 x 10mm3 in volume 
(corresponding to a 30% scatterer); 

(iv) dei;k;riis 30% gfficient (corresponds to a 3He tube at 2eV, and 
for 20 scattering angle); 

then the scattered count rate per unit detector solid angle is 

2.7. x 1011 x 0.3 x 1.0 x lo6 x 0.3 / 4nQ 
? t t t 

moderator fraction sample detector 
scattered solid efficiency 
by sample angle 

at 
moderator 

= 1940/Q n/O.O5A-‘/sr/s/cm3V. (5) 

It will be noted that this number, which of course applies strictly only to 
the epithermal region of the spectrum, is independent of scattering angle for 
a given Q value. The fact that count rates vary for different scattering 
angles and different Q values in practice arises because the thermal part of 
the spectrum eventually takes over at low neutron energies and in any case the 
detector efficiency will be different 
scattering angles. 

for the same Q value at differens . 

and the fival 
For LAD at 20 = 20° the detector area if 2 x 0.04 x 0.2m 

fright path is l.Om, and so for Q = lOA- the C-number is 
3.In/O.O5A- /s/cm V. I quote the C-number at Q = lOA-’ since it is important 
to remember the very rapid decline in count rate at a pulsed diffractometer 
with increasing Q value. 

Figure 5 1 show 
5v 

that the measured C-number ’ 
for this Q value (and -ZW0.05A-1%cm 

uch 
% 

lower at 
-Q.h/O.O5A- /s/cm at Q = IA-‘), 
and the reason for this disagreement is not clear at the present time. It 
should be born in mind of course that for most experiments several LAD 
detector banks can be combined so that the count rate should be multiplied by 
a factor of -2-3 to get a realistic estimate of likely count rates. Even so 
the very rapid fall in count rate with increasing Q is clear from figure 5. 

For the new glass diffractometer at IPNS, GLAD, the estimated C-number 
assuming 
25n/O.O5A 

-3 ful$ 
/s/cm V 

complement pf detectors at the same Q value is -20 - 
at Q = lOA- , Montague and Price (1988), which includes the 

factor of 2.5 enhancement which has taken place since the booster target was 
installed. 

Finally for the 7D4B 
sample is 4 x 10 

diffractometer at ILL the measured neutron flux on the 
n/cm /s for a wavelength of 0.7A. so the C-number for the 

standard cube of vanadium would be 

4 x 107 x 0.3 x 5.5 x 10-4 x 0.67 x 0.15 / 4n 
t t t t t 

flux fraction detector detector sampling 
scattered solid effic. factor 

by 
sample fo%A-1 

bins 

z 53 n/0.01jH-1/s/cm3V. (6) 
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The sampling factor arises here because the present detector does not scan all 
scattering angles simultaneously. This number is entirely in accord with the 
observed count rate from a sample of vanadium placed in the neutron beam on 
D48 (A C Barnes, 1988, private communication). Comparison of this C-number 
with figure 5 shows that when several angles are combined the LAD 
diffractomeifr is already as intense as D4B, but only in a narrow region of Q, 
around a=lA . Outside this region the intensity falls off rapidly. 

4. Design of SANDALS 

The count rate numbers of the previous section tell their own story: whatever 
the cause for the measured count rate on LAD being lower than the number based 
on moderator performance figures there was no avoiding the conclusion that the 
count rate on LAD was inherently lower than on corn e ing diffractometers over 
a range of important 0 values, i.e. Q = 5A-1 to 201~‘. This was a key result 
which has directed the design of SANDALS. The principal goal has been to 
strive for the maximum solid angle of detector in the “small” angle region 
(i.e. for 28 < 400), with a continuous span in scattering angle, that can be 
achieved within the engineering constraints imposed by allowed sizes of vacuum 
tanks and windows and the restrictions imposed by including some shielding in 
the scattered flight path. As a result the available solid angle will’be 
approximately 40% of the theoretically maximum. As seen in table II this still 
will ensure that SANDALS is highly competitive in count rate if the full 
detector complement is available. 

TABLE II Some Design Specifications for SANDALS 

Moderator: 
Incident Flight Path: 
Beam Cross Section: 
Maximum Beam Aperture: 
Final Flight Path: 
Detectors: 

Methane, 1OOK 
llm 
Circular 
32mm (diameter) 
0.75m - 4.0m 
Zinc sulphide sandwich detectors 
200 (high) x 10 (wide) x 2 (deep) mm 
30% efficient at 1OeV 

Range In 
20 - 

(deg.) 

3 - 11 

11 - 21 

19 - 31 

29 - 41 

Detector 
S-Angle 

High Resolution Low Resolution 
Resolution C-number Resolution C-number 

(sr) 00/Q (X) (at Q=IoA-‘) M/Q (X) (at Q=IOA-‘) 

0.043 11 - 2 0.3 16 - 4 7 

0.121 2 1.6 4-3 35 

0.222 1.5 3.9 3 84 

0.301 1.3 6.1 2.5 131 
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The projected count rates have been achieved by shortening the original 
proposed flight path from 14m to llm, by opening up the beam from 1Omm 
diameter to 32mm diameter and by increasing the detector solid angle from the 
original SANDALS proposal (Appendix to NBRC 9-85, 1985). Of course there is a 
penalty in resolution that has been paid in doing so, although this is 
not likely to be serious for the high count rate, isotope substitution 
diffraction work which is likely to feature very frequently in the SANDALS 
experimental program. However since there will undoubtedly be some experiments 
which require better resolution than the default resolution, provision is 
being made to narrow the beam and view a smaller area of moderator if so 
desired, by placing beam defining apertures of 24mm and 16mm at 6.25m and 9m 
from the target respectively. Although these will give lower count rates, they 
will double the resolution in the small angle region. As a further provision 
the sample tank will include windows for detectors at larger scattering angles 
up to 120° in the event that better resolution is needed in the future. 

An obvious problem that arises at small angles when dealing with large arrays 
of detectors is that the resolution can vary sharply with scattering angle, 
which can make combining detectors from different angles problematic if 
resolution effects are apparent. Therefore a further feature of the design is 
that the detectors lie on a trajectory of continuous and nearly constant 
resolution. At small scattering angles this trajectory corresponds 
approximately to the surface of a cylinder whose axis is coincident with the 
transmitted beam. With this geometry the resolution varies by a factor of -2 
over the scattering angle range loo - 40’. 

Table II lists the principal characteristics of the proposed SANDALS 
diffractometer and figures 6 and 7 show two views of the sample vacuum tank. 
It will be noted that the reduction of count rate from low resolution to high 
resolution options is on the order of a factor of 20: this is because the 
resolution of the instrument at small angles is dominated by the angular 
divergence of the incident beam. The only way to improve this resolution is to 
restrict the aperture of the beam with a consequent large reduction in count 
rate. To build the “ideal” geometry with equal contributions to the resolution 
from moderator, sample and detector would require a much a larger area of 
detector than the present proposal, would increase the linear dimension of the 
instrument by a factor of at least 1.5, would lead to increasing difficulties 
with frame overlap at the ISIS repetition rate of 50H2, and would escalate the 
cost significantly above the present allocation. To compensate for the 
increased cost there would have to be reduced solid angle coverage which would 
correspondingly negate the advantages of the larger instrument. It is felt 
that the present design is probably optimal given the conflicting demands of 
count rate, resolution, cost and engineering constraints. It should also be 
noted that in the high count rate/low resolution mode SANDALS will remain 
competitive in count rate with ILL even if further proposed modifications to 
D4B are implemented. 

Outside the vacuum tank the scattered flight path to the detector modules will 
be filled with argon gas to reduce air scattering. The gas will be contained 
in boxes lined with B4C baffles to reduce neutron backgrounds from sources 
other than the sample. The detectors themselves will be surrounded in B C 
(except in the direction of the samplel) Finally the entire instrument will 6e 
entombed in wax shielding to remove external sources of background. It is 
anticipated that the full array of sample environment equipment which is used 
on the other ISIS instruments will be available for use on SANDALS as well. 
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Figure 6 Plan layout of the SANDALS sample tank and detectors. The beam enters 
the tank at the top of the diagram and leaves at the bottom, and the sample is 
placed at the centre of the circular tank. The distance from sample to small 
angle detector is 4m, and the other detector banks are 0.75111 from the 
transmitted beam axis. 
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Figure 7 Three-dimensional view of the SANDALS detector tanks. The beam enters 
at the upper rightmost corner of the diagram and exits at lower left. The 
scintillator detectors lie on the surface of a cylinder of radius 0.75m. 

5. Conclusion - Beyond SANDALS 

The availability of high count rate diffractometers has increased the 
complexity of systems that can be investigated. This complexity increases 
roughly as the square root of the count rate and so there will in the future, 
as count rates are pushed even higher, be a trend to look at more 
technologically interesting materials, such as liquids under extremes of 
pressure and temperature, local coordination in dilute mixtures, complex 
molecular fluids, and fluids at surfaces. For example the structural changes 
which occur near the glass transition are real but rather subtle and would 
greatly benefit from the detail possible with isotope substitution. In this 
sense therefore the field of liquid and amorphous material diffraction is 
unlimited in scope. However the limiting factor at the present time is not 
count rate, but detector stability and sample preparation: count rate is only 
useful if the sample is good enough to withstand the precise investigation 
possible with higher statistics and the detector efficiency fluctuations over 
the course of an entire experiment are no worse than the statistical 
precision. It is not clear whether either condition is being met for the 
instruments presently available, although it is likely that as count rates 
improve still further they will necessarily drive a demand for better 
characterised samples and more stable detectors. 
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The data analysis stage is also crucial, and whilst it is essentially routine 
to proceed from measured diffraction data to a reliable pair correlation 
function, this is really only the first stage of the experiment: the real job 
is to interpret the correlation functions. At present the only practical way 
to achieve this is to computer model the system under investigation because 
the process of going from assumed potential function to correlation functions 
is extremely non-linear. Current methods centre mostly on assuming pair-wise 
forces, a serious limitation which will have to be removed in the future. 
Since the process of data analysis yields advances over a period of time it 
likely that the techniques of instrument development and data handling will 
develop concurrently. 

If the past is an indication of the future then it is clear that worldwide 
there has been been a continuing interest in the structure of the fluid and 
amorphous states for many years now. This interest is fueled by unresolved 
fundamental and technological issues. Neutron diffraction is therefore likely 
to remain an important tool in the rather large array of techniques that can 
be applied to this problem because it yields accurate, absolute values for the 
underlying correlation functions. 

In this article I have attempted to outline the existing “state of the art” 
for liquids and amorphous diffraction at ISIS, and the reasons for having 
adopted the current specification for SANDALS. It is clear that the proposed 
instrument will probably make optimal use of the present ISIS neutron source. 
It will form a unique facility for liquids and amorphous diffraction by 
providing a wider range of Q values, and by reducing recoil corrections, 
compared to equivalent reactor based instruments. At the same time the count 
rate on SANDALS will be highly competitive with other liquids diffraction 
facilities around the world. 

Because SANDALS will fully exploit the current ISIS neutron source, the next 
generation of liquids diffractometers must look towards a revised source and 
moderator configuration. Assuming the cost of building a diffractometer is not 
the limiting factor the primary constraints imposed by the present source for 
this work are the repetition rate, which as discussed above leads to an 
instrument which is too small to make full use of the available neutron flux, 
and the neutron pulse width, which currently makes a negligible contribution 
to the resolution. Increases in both resolution and count rate could be 
achieved with a lower repetition rate source, and a moderator which produces 
broader neutron pulses. 
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ABSTRACT: A user-friendly, integrated system, SMR, for the display, 
reduction and analysis of data from time-of-flight small-angle neutron 
diffractometers is described. Its purpose is to provide facilities for data display 
and assessment and to provide these facilities in near real time. This allows 
the results of each scattering measurement to be available almost immediately, 
and enables the experimenter to use the results of a measurement as a basis for 
other measurements in the same instrument allocation. 

Introduction 

Neutron diffractometers at pulsed sources use time-of-flight (TOE) to calculate the 
magnitude of each neutron momentum, p. Due to the broad distribution of p from 
pulsed sources, a single measurement accesses a large domain of momentum transfer 

space, given as Q = (2p/ii) sin 6 (h is Planck’s constant divided by 21c, and 0 is half 
the scattering angle). This gives considerable advantage in data acquisition over 
similar instruments using monochromated neutron beams as a source. 

In a small-angle TOF instrument with a two-dimensional position-sensitive detector, 
the data are taken as counts in three dimensional cells, Ci,j,n , where i and j refer to 
the x and y channels of the detector at which the scattering event is detected and n 
refers to the TOF channel. The number of data points is, thus, very large. For 
example, in the present configuration of the Low-Q Diffractometer (LQD) at the Los 
Alamos Neutron Scattering Center (LANSCE), there are 128 each of x and y 
channels and 147 TOF channels for a total of over 2.4 x lo6 cells. The data must be 
remapped into physically meaningful one- or two-dimensional momentum transfer 
spaces as differential cross sections, dc(Q)/da or dE(Q)/m, respectively. In this, 
the broad-band nature of the source introduces aspects of data reduction that must be 
considered carefully. These have been discussed in earlier papers t1-3l, but are still an 
active area of research. It is likely that the reduction procedure will depend on the 
sample and the requirements of the analysis that will be used. By recording and 
storing all data for each measurement, we provide maximum flexibility for data 
reduction and analysis. Thus, as a consequence of the use of TOF measurement and 
the broad-band nature of the source, data reduction on TOF small-angle instruments is 
more complicated but has greater flexibility than on similar instruments that use 
monochromated neutron sources. 
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There are three primary functions that are supported in our system SMR (Show Me 
and Reduce). These are data display, reduction, and analysis all of which are required 
for the user to assess the data and draw some conclusions from it. Because of the 
large size of the data sets, a graphics display of data is essential. This should be 
interactive, allowing information to be returned to the program. Furthermore, our 
state of understanding the data reduction demands that the procedures should have 
flexibility built in to suit the needs of a particular measurement. Also, functions 
should be present that allow assessment of the data-reduction procedures. 

Of major importance in the design of our system is that we have taken the point of 
view that near-real-time data display and reduction are an essential part of a neutron 
scattering experiment. Thus, facilities should be available during data acquisition, as 
well as after the measurement. This offers the possibility that the results of a 
measurement can be immediately available, allowing them to be used as a bases on 
which to plan the next measurement. The ability to assess the data quickly allows 
the well-prepared user to make optimal use of the current allocation and may save 
having to redo parts of an experiment at a later date. This is important at a scheduled 
user instrument because the user may have to wait several months for additional 
measurement time. 

Therefore, the objectives for SMR are the following: 

(1) Provide tools for assessment of TOF small-angle data as it is being acquired, 
which includes display of raw dam and fast data reduction (not necessarily 
highly accurate in this mode). 

(2) Provide data reduction to dE(Q)/dn and dZ(Q)/d&2 in absolute units. In 
addition, tools should be provided to assess the efficacy of the dam-reduction 
procedure itself. The program should thus be useable as a tool to research data 
reduction procedures. 

(3) Provide basic dam-manipulation functions and analysis procedures with 
appropriate interactive displays. 

(4) All of this must be in the framework of a fast, user-friendly program that is 
easy to learn and use, and provides sufficient flexibility to meet the needs of 
all types of measurements. This implies that no knowledge of the data- 
acquisition-computer-operating system, beyond a list of simple operations, 
should be required, and that these operations should be readily available as 
menu options and/or commands. 

We have found that these objectives are best met by an integrated system that 
automates most of the communications needed for the function of the different 
program parts, thus minimizing the amount of user interaction and input. 

Organization 

SMR must allow the user to retrieve and manipulate dam from the instrument 
detectors in a manner that is transparent to the user. The different instrument 
detectors and the relationship with other parts of the data acquisition system are 
shown in Fig. 1. The LQD uses three detectors: the main, position-sensitive area 
detector; an upstream incident-beam monitor; and a downstream transmission monitor 
(currently under development).t4*51 The signals from the detectors are collected and 



processed by FASTBUS acquisition hardware and stored as histograms in the 
acquisition system BULKSTORE module. The FASTBUS crate is interfaced to a 
dedicated DEC j.tVAX workstation/GPX operating under VMS. A complete 
description of the data acquisition hardware and software is given elsewhereJ1 

Liquid H 2 
Moderator 

Low-Q 

Neutron 
Beam 

,.cy-‘--’ 

Diffractometer 

Dial-In 

Fig. 1 The Low-Q Diffractometer at LANSCE and the integration of its components 
with the data acquisition system. The geometry of the LQD is shown with the 
positions of the different detectors and sensors. The upstream monitor is used to 
monitor the incident beam intensity just after the collimator entrance aperture. The 
sample position is located about 4 m downstream. A second transmission monitor is 
planned, which will be placed in the beam stop just in front of the main position- 
sensitive detector. Signals from the beam monitors and main detector are passed to 
the FASTBUS crate where they are mapped and stored in the bulkstore module. 
Sample environment information is passed to the CAMAC crate. The data in the 
CAMAC scalers and FASTBUS bulkstore are transferred to the dedicated pVAX via 
the QBUS. The pVAX, however, is not involved in the data acquisition per se, but in 
setting up the measurement and in data transfer. Communication with the data 

. acquisition system is also through the pVAX. Data is passed between the computer 
and other devices by the QBUS. 

SMR consists of a core of central tasks and a periphery of extensions and 
enhancements. The core of SMR is organized into four major subsystems as 
illustrated in Fig. 2. These are the user interface, the task management module, the 
task subsystem, and the data acquisition and instrument interface. The subsystems 
are further partitioned into modules and segments associated with specific tasks or 
program functions. This design is intended to ease the evolution of the system as 
functions are added, deleted, or redefined. 
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ORGANIZATIONAL OUTLINE FOR SMR 

SYSTEM 
DISK 

REAL TIME 

USER INTERFACE 

HISTOGRAM 
MEMORY 

SCRATCH 
DISK 

ARCHIVED 
DATA 

IDF FILES 

Fig. 2 The organization of SMR. Each of the major subsystems of SMR is 
illustrated by a light-shaded block. Files are represented by hatch blocks, physical 
devices by dark shading. Internal data structures are represented by open blocks. 
Tracks having arrows at both ends represent bidirectional information flow between 
the connected units and the different data structures, files, and devices. Single 
arrows indicate uni-directional flow. 

The major peripheral subsystems are the interactive graphics, postprocessor and file 
I/O modules. All are organized with the same philosophy as the core subsystems. 
The postprocessor is an extension of SMR to provide flexible operations on reduced 
or raw data in analysis, normalization, scaling, background subtraction, averaging, 
and related functions. Its organization is like that of SMR (Fig. 2) except there is no 
instrument interface. 



User interface 

User requests are communicated through the user interface. The various modules 
supporting different functions and options are organized as menus and submenus in a 
tree-like hierarchy. The branches of the tree correspond to the different program 
functions and their options. The user interface supports different interactive modes, 
depending on the type of terminal connected to the process. This interface includes a 
menu driver that can be used on DEC terminals or emulators and a command line 
interpreter for use on other terminals. Terminals are polled as to their capabilities 
and the appropriate part of the user interface is run. Future versions of the user 
interface will also use more advanced facilities that are under development for VAX 
workstations by the data acquisition section at LANSCE.t’jl 

Task management module 

The requests generated by the user interface are organized by the task-management 
module. The task manager invokes the functions of SMR, after polling the control 
flags set up by the user interface, and passes control to the required functions that are 
organized into task modules (labeled in Fig. 2 as 1 through N). Appropriate data 
structures containing values obtained from the cross-reference records, data-reduction 
records, and the user interface are passed to the routines. The results of the 
computation are placed in data structures or passed by the task manager to the 
interactive graphics display facility or to file I/O routines, depending on user request. 
Control is then passed back to the user interface along with any other numerical 
results that should be reviewed by the user. Some of the calculations in data- 
reduction tasks require considerable computation times. Thus, there is an option for 
the task manager to pass these to detached processes run in batch mode (Fig. 2), 
returning control immediately to the user and informing him when the calculation is 
complete. 

Task subsystem 

The computational functions of SMR are set up in the different task modules of the 
system. Thus, functionality in SMR is easily altered by changing or adding 
modules. Raw data is obtained by these functions from the different bulk-storage 
devices through the data acquisition and instrument interface. Other preprocessed data 
and intermediate results are communicated between modules and between the main 
process and any tasks relegated to batch processes by way of file I/O procedures. The 
programs normally run in batch modes am non-interactive subsets of SMR. 

All computations and tasks are supported internally by several data structures. The 
HEAP is a linked list of data structures.t61 A similar data structure containing 
information pertinent to the TOF measurement, instrument geometry, and detector 
configuration is maintained on the system disk during data acquisit.iont61, and a copy 
is stored as part of the archive file when the run is saved. The run information in the 
system or run HEAP is copied directly into the local HEAP and then used for data 
reduction, display, and analysis. Other data structures tailored to specific tasks and 
functions are also used, which include dam for the interactive graphics facilities as 
well as parameters and cross references to files used in dam reduction and analysis. 
The data in these structures are maintained in external data-reduction record files and 
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in cross reference record files (Fig. 2) for later reference. These can be reviewed at 
any time. This recall is necessary as data reduction involves a number of options and 
values that may need to be changed if later assessment of the data reduction shows it 
to be faulty. The files are also used to communicate data-reduction information to 
batch processes. 

Instrument and data acquisition interface 

The modules of the instrument and data acquisition interface retrieve data from the 
different bulk storage and data acquisition devices. The bulkstore memory of the 
FASTBUS retain data currently being acquired. The system disk maintains run 
configuration information on the current run in the HEAP. Previously acquired data 
is stored in compressed form as an Instrument Data File (IDF) on the user disk or 
remotely on an archive disk. The modules of this interface determine the physical 
location of the requested data, retrieve the data, and pass it back to the calling routine. 
The interface searches the data archive using criteria supplied through the user 
interface, which may include run number, experimenter name, instrument name, 
experiment title and/or IDF file name. In this way the entire data archive, which 
consists of remotely mounted optical disks with a planned total storage capacity of 
0.5 terabytes, is accessible for analysis or display in a manner transparent to the user. 
Accessed archived data are retrieved to a local scratch disk in global data areas to 
increase access speed. The basic-data retrieval functions are recovery of raw data for 
each time channel from the upstream monitor, the transmission monitor, and the 
main detector. 

The peripheral subsystems: graphics, postprocessor and file 
110 

The graphics output has several display options that support one- and two- 
dimensional displays. The current versions of the one-dimensional graphics and two- 
dimensional contour plotting routines use TEK4010/4016 graphics, which may be 
emulated on a wide variety of terminals. Two-dimensional color graphics is currently 
done by outputting to an IBM PC, which displays the data using programs developed 
by John Hayter of Oak Ridge National Laboratory. The graphics subsystem is in an 
early stage of development and will be expanded to accommodate other graphics 
systems and standards as determined by the LANSCE data acquisition section. User 
interaction with the graphics subsystem is used to pass information back to SMR for 
other data acquisition, reduction, and analysis tasks. 

The interactive graphics is closely tied to the postprocessor of SMR, which contains 
the data analysis package. All sample-dependent data manipulation, e.g., scaling, is 
done in this part of SMR. Other tasks presently available in the postprocessor are 
regression analysis, free-formatted data manipulation (arithmetic operations on data 
sets and binary operations with data sets as arguments), and input and output in 
different file formats. This facility, which is also implemented in a stand-alone form, 
has organization like that of SMR. It is intended to give some flexibility in data 
treatment; it can be used to manipulate all SMR output, and is portable to VMS 4.6 
and later versions. 
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The computational results (reduction or analysis) or raw data can be sent to an output 
file at the user’s request. In addition, some procedures generate intermediate data files 
that may be found and used by subsequent tasks and detached processes. These output 
tasks are supported by the file I/O facility. We plan to support several file formats for 
user output to suit the needs of the experimenter. Our standard output file is block- 
formatted ASCII, including an abstract containing run identification, run- 
configuration information, and a running account of the various operations performed 
on the raw data sets, followed by labeled data blocks and the statistical (rms) 
precision of the dam The rms Q-precision of the differential cross section is included 
when appropriate. Descriptions of this format along with descriptions of subroutines 
available to read it are given in Appendix A. 

Functions 

Here we present a partial list of the various functions presently implemented in 
SMR, with an emphasis on those that allow assessment of raw and reduced data. As 
the number of data can be quite large, even in reduced form, there is a strong reliance 
on graphics. 

Figure 3 illustrates the main menu and two submenus of the core user interphase of 
SMR, which give examples of some of the functions available. Selections are made 
by moving the cursor to a line by either typing the character indicated by bold 
(underscored in this rendition) on the menu or by using the cursor keys, arrows, 
return, tabs, spaces or backspace, then typing <ENTER>, <DO>, or <CTRL>-G. 
These illustrations are for a terminal supporting ANSI control sequences; otherwise 
(or if the ‘%I” option (Fig. 3) is toggled), the same functions are achieved with a 
command line format (Fig. 4). The two submenus shown are for raw data Display 
and for data Reduction. In the particular example shown, an archived file has been 
accessed. This could also have been data in the FASTBUS bulkstore, and the same 
functions would have been available. 

Raw-data display options currently available are, in order: a detector map for selected 
time slices projected onto either one or two dimensions; detector counts mapped into 
two-dimensional space defmed by detector radius and time (R-T); and one-dimensional 
displays of the counts as a function of TOF channel for the integrated detector, 
upstream, or transmission monitors. Computation of the center of scattering 
intensity on the detector or entry of the beam center by the user is also available, as 
is a display of the contents of scalers. 

The different data-reduction functions are also illustrated in Fig. 3. The first entry is 
the computation of the wavelength-dependent transmission coefficients of the sample. 
Next is the basic function of mapping the data into dC(Q)/dSZ and dE(Q)/d!2 spaces. 
These are output on an absolute scale (see below). The “quick and dirty” version of 
this is for quick reduction of data over a limited number of time channels (strictly for 
quick assessment of the data). The Q-lambda map is a normalized and scaled form of 
an R-T map and is used for assessment of the normalization and background 
subtraction of the reduced data. The Theta-T map is similar to the Q-lambda map 
except that the two-dimensional space is defined by the independent variable in Q, 
scattering angle, and TOF. The flux, as measured by the main detector and 
downstream (transmission) monitor, is also available. The two options for the beam 
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MAIN TASK MENU 
LNPUT (NEW) DATA 
DISPLAY RAW DATA 
SET REDUCE PARAMETERS 
REDUCE DATA- 
~uTPUT/DISPLAY TOGGLE IS NOW: @jFjl 
~~ENu/c~NMAND LINE TOGGLE 
$lIT (STOP PRGRAN) 

DISPLAY RAW DATA FROM ARCHIVED FILE: RUN 577 
9-Y DETECTOR NAP. 
R-T DETECTOR NAP 
EETECTOR SPECTRUM 
VP STREAM MONITOR 
TRANSMISSION MONITOR 
FIND CENTER OF DETECTOR 
ENTER CENTER OF DETECTOR 
SCALERS 
_CO BACK TO MAIN MENU 

REDUCE DATA FROM ARCHIVED FILE: RUN 577 
TRANSMISSION 
Q MAP 
PO fjAP (QUICK AND DIRTY) 
Q-LAMBDA NAP 
T&ETA-T NAP 
FLUX FROM DETECTOR 
POWN STREAM MONITOR FLUX 
FIND GENTER OF DETECTOR 
ENTER CENTER OF DETECTOR 
GO BACK TO MAIN MENU 

1 J 

Fig. 3 An example from the main menu and two submenus of the SMR user 
interface. The main menu of the user interface is shown here, which illustrates the 
various options available to the user. Characters that appear in bold are 
underscored in this rendition. The data reduction and raw-data display submenus are 
also shown. The interaction with the menus is supported by a driver written in C. 

BINNING PARAMETERS 

C"bV_2a PPBAMETER OPTION 
-5 60 Number of (radial) Q-bins 
_" .L 55 Number of radial detector bins used in 

detector and RT maps 
-1 0.000 A Lower limit for Q-map 
-u 0.350 A Upper limit for Q-map 
-s 5 det ele Smallest radius used on detector 
-r 60 det ele Largest radius used on detector 
-n 0.00638 Instrument scaling constant 
-5s 1.000 Fraction of background to be subtracted 
_- c 0.500 Position in the time channels from which 

the nominial value is taken. 
-c 0.500 Position in the spatial channels from which 

the nominial value is taken. 

-c Go back (no further changes) 
: -b 175 -s 10 

Fig. 4 The command line interpreter. An alternate interactive mode of the user 
interface is illustrated. This segment is from a facility for altering entries in the data- 
reduction options table for dZ(Q)/dR and dC(Q)/dR maps. It illustrates the general 
form of this mode, in which a key followed by a parameter is entered into a command 
line. The display shows the options available, the parameter to be entered, if needed, 
and the default value, if any. 



center are identical to those in the raw-data display menu and are needed to support the 
mapping functions of SMR. 

Figure 4 is an example of the command line mode of the SMR user interface. In this 
case, the user has made a request to alter the values in the parameter table (a 
specialized data structure in Fig. 2) for the binning parameters for data reduction to a 
Q-map. The display for this mode includes a menu of the commands, the parameter 
to be entered and its default values (if applicable), and the resulting option invoked. 
A typical entry is shown, in which the number of Q-bins is changed to 175 and the 
smallest radius used on the detector is altered to be 10 detector elements. These 
become the new defaults for the duration of the computing session. 

An example from the graphics and postprocessor user interface is shown in Fig. 5. 
This subsystem is used to manipulate and analyze output from the core functions of 
SMR in a flexible manner. It is also implemented as a stand-alone facility. Here the 
menu for file I/O, data manipulation, and analysis menus are shown, along with two 
submenus. On the left are the currently available analysis routines. On the right are 
the data manipulation routines. Here, three previously computed, background- 
subtracted dZ(Q)/dn maps for measurements 263,591 and 588 are being compared. 
One has been selected and its ordinate values are to be scaled by dividing by 10. Data 
arrays can be added to, subtracted from, multiplied or divided by each other in the 
postprocessor. 

SELECT DATA OPTION 

READ DATA 
ANALYZE DATA 
MULTIPLY (DIV) BY OR ADD ISUBTR) A CONSTANT 
SUM (SUBTR) OR MULTIPLY IDIV) TWO DATA SETS 
QUTPUT DATA TO A FILE 
20 BACK TO MAIN MENU 

DATA ANALYSIS 

SELECT DATA SET FOR OPERATIONS 

WTE BINARY EXP ESSION FOR DATA TRANSFORMATION 
EXMRATORS 

I Y/10 

Fig. 5 An example from the postprocessor menu. The different options currently 
available in the postprocessor menu are illustrated, including data analysis and file- 
manipulation options. 
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Examples 

The basic function of SMR is to provide the maps, dc(Q)/df2 and dC(Q)/dn. In this, 
the counts detected in each i, j* detector element in each n* time channel, C, , are 
placed into a bin, K, with a domain in Q (or Q) covering that of the i, j, nth cell. 
Each counts in cell is converted to an absolute differential cross section times the area 
density of scatterers by division with an appropriate normalization factor; thus, the 
map is given by the expressionI1,3l : 

where the differential cross section is in units of area and N/A is the number of 
scatters per unit area. Here An, is the solid angle of the i, j* detector element, and 
vii is its counting efficiency; E, refers to the response of the detector to the neutrons 
in the n* time channel.(“) I’,, is the number of neutrons that passed through the 
sample neither scattered nor absorbed. Equation (1) is a statistically weighted average 
of the contributing cells, which optimizes the precision in Q and in differential cross 
section [i131. 

The measurement of I’,& is critical to proper normalization of each cell. Errors in its 
determination can lead to distortions in the scattering curve. On the LQD, I’,&, is 
presently determined by making a separate measurement of the transmitted beam 
using a Cd mask as an attenuator, normalized to the upstream monitor. We are 
developing a transmission monitor in the beam stop to make this measurement 
concurrently with the scattering measurement.145J 

An example of the efficacy of the calculation represented in Eq. (1) is shown in Fig. 
6 (from a display generated by the postprocessor), which compares data from a 
standard sample consisting of a mixture of deuterated and protonated polystyrene 
(PSD/PSH = 0.48171) measured on the LQD and the 30-m SANS at Oak Ridge 
National Laboratory. The shapes of the curves are, for all practical purposes, the 
same. Some differences are seen in the low-Q region, and this is likely to be the 
result of multiple scattering of the long wavelength neutrons which contribute to this 
part of the map. Inspection of the transmission coefficients at long wavelengths 
illustrates this (Fig. 7) and indicates a useful application of data reduction to 
transmission coefficients. 

Displays available from SMR for dC(Q)/m and dC(Q)/dSL maps are shown in Figs. 
8 and 9, which show data for polystyrene latex spheres in D20. The Guinier analysis 
given by the postprocessor (not shown) gives the radius of gyration as 143 A, in 
good agreement with the known diameter of 380 A for these particles. Figure 9 is a 
shaded monochrome rendition of the two-dimension color graphics display. 

Figure 10 illustrates a diagnostic raw-data display, the R-T map. From this, some 
idea of the parts of the histogram that are contributing signal can be determined. An 
example of a normalized theta-lambda map is given in Fig. 11. The lines, which are 
contours of constant dZ(Q)/dn, will be straight on this double log display if the 
scattering is invariant at constant Q, which should be the case. Curvature in the 
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PSH/PSD 50/50 (Fa Bates) 

I I I1111 , I/ I 

0.002 0.01 0.1 0.2 

Q Ui-‘, 
Fig. 6 A comparison of a map computed for a mixed perdeuteratedlprotonated 
polystyrene (PSD/PSH) sample and data taken for the same sample on the Oak Ridge 
SANS instrument. This figure is from a display generated by the postprocessor. Data 
taken on the ORNL 30-m SANS instrument at the 19-m and 7-m positions are 
indicated. Scattering computed from data taken on the LQD at LANSCE is scaled by 
a factor of two for clarity. 

0 
I IIIlll I 1 I 

5 IO 50 
time (msec 1 

Fig. 7 Transmission of the PSD/PSH standard polystyrene sample. This is from the 
interactive graphics display generated by the transmission coefficient option of the 
reduce data submenu. Plotted are the transmission coefficients for each time-of- 
flight channel. These numbers are not used directly in computing Q-maps, but serve 
a function in assessing the possible presence of multiple scattering in the mapped 
data. 
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O*Ol o-05 09 

Q ( ii-‘, 
Fig. 8 An N/A dC(Q)/dSl map of polystyrene latex spheres in D20. This is from the 
output generated by the Q-map option of the data reduction submenu using the one- 
dimensional output option. The test particles are spheres approximately 38 nm 
diameter. 



584: po1ystyrlene 
latex in D2Q 

Q Max = 0.Is6000 l/A 

7.1 

4.9 

3.1 

1.8 

0.8 

0.2 

0 

Fig. 9 An N/A dz(Q)/da map of scattering from polystyrene latex spheres in D20. 
A monochrome reproduction of output generated by the Q-map option of the data 
reduction submenu using the two-dimensional color graphics option. Here, the values 
of N/A drJdC2 are shown for each Oy, Q, cell. Values are indicated on the scale to the 
right. The values of the differential cross section increase monotonically toward the 
Q origin at the center. 
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Radius (detector elements) 

Fig. 10 A radius-TOF map of raw data taken from latex spheres in D20. This is from 
the output obtained from the R-T Map option of the Raw Data Display submenu using 
the contour map display option. In this, the counts in each radial-TOF cell are 
contoured at levels of 1% ( _ ),4%(__ __),9%C.__),lS% ( ), 
25% (_ J,36% ( 1 of ), 4!& ( ), 64% ( ), and 81% ( 
the maxTmum value. 

605 0-I 0.5 

47rsin8 

Fig. 11 A theta-wavelength map of data reduced from PSH/PSD. This is from 
output obtained from the Theta-Lambda option of the Reduce Data submenu using the 
contour display option. Here lines of constant N/A dZ(Q)/dn are plotted for the 
wavelength and 8 cells, using the same contouring intervals as in Fig 10. Wavelength 
is on a logarithmic scale, as is 4xsinfL 
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lines is indicative of problems in normalization, background subtraction or 
instrumental effects, such as detector non-linearity or instrument resolution effects.[l- 
3l Sample dependent effects, such as multiple scattering[*] or inelastic effects[3J, may 
also be seen from such plots. 

Future directlons 

The basic features of SMR have now been outlined and future developments will 
involve the implementation of other facilities, particularly interactive graphics and 
data analysis. A major concern is improving the speed of the calculations. 
Presently, some of the maps require about 60 minutes of CPU time to calculate, 
necessitating that some tasks be relegated to batch processes. This clearly cannot be 
accepted given the objectives of SMR. Some improvements in speed can be obtained 
by more efficient code. However, acceptable computation times can only be obtained 
with hardware improvements such as attached processors. When such devices are 
available, it will be straightforward to alter the interface modules to use these, and 
‘near-real-time data assessment and analysis will then be possible. 
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APPENDIX A: 

Block-formatted ASCII fdes 

Standard output data files from the LQD consist of a three-record abstract and a 
number of blocks of data, all in directly readable ASCII strings. A data block 
consists of a series of numbers that may include decimal points and/or exponent 
fields, which are separated by commas or blanks and terminated by ‘r followed by a 
zero byte (ASCII <NW>). For ease of printing, the string includes cCR><LF> 
sequences after every 126 or fewer characters, and the first character on the line is 
generally a blank. The subroutine REALOUT (ARRAY, NDATA, NUNIT) is 
provided to write these blocks. The string is designed to be read by a FORTRAN 
unformatted read statement, into a real array at least as long as the number of data. 
The array should be zeroed (or appropriately initialized) before the read statement, as 
null fields will not be modified during reading. The terminal zero byte has been 
included to assist parsing in other languages, 

Abstract Record 1 

Bytes l- 4, File type (e.g., ‘LOGT’ or RI’). For 1-D spectra, the type general1 
specifies the inddependent variable. 

Bytes 6-45, Title of run, usually terminated with ‘$’ 
Bytes 47-63, File ID; the instrument, date, and time at which dam was saved, as 

assigned by the data-acquisition system; e.g., ‘LQD_881002_183520’ 
Bytes 64-73, Integrated current &A-h), real format (may be blank). 

Abstract Record 2 

This record is an ordered block (as defined above) of up to 100 parameters. 
Several parameters have been defined for use by various analysis programs 
(especially MPLOT and QBIN); these are as follows: 

1. 
2. 
3. 
4. 

:: 
7. 

;* 
16. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 

Number of channels in data blocks. This parameter is always required 
dt/t for the logarithmic time scale 
Clock tick @.s); usually 0.1 l.t.s 
First time-channel boundary @s) 
Time delay of detector electronics @s) 
Source-to-sample distance (m) 
Sample-to-detector distance (m) 
Size of one detector element (mm) 
X-position of beam center, in detector elements 
Y-position of beam center, in detector elements 
Power of units: 1 (default) for raw dam, 0 for ratio 
Number of bins that have been combined; usually 1 
Number of bins per decade for uniform log scale 
Incident energy for direct-geometry inelastic scattering (eV) 
Final energy for inverse-geometry inelastic scattering (eV) 
dQ/Q for Q bins below the switch point 
Q at which bins switch horn log to linear (A-l) 
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18. Width factor in Q-binning: radial bins wider than this factor times the Q-bin 
width are deleted. 

19. Fraction of total neutrons kept during Q binning. 

Abstract Record 3 

This record is an algebraic expression of operations that have been performed on 
the data. Initially, it is a brief spectrum identifier enclosed in parentheses, 
with byte 1 blank. For instance, ‘(586,25-147)’ represents radially averaged 
detector time slices 25-147 of run 586, ‘(256,Ml)’ is the corresponding 
upstream monitor spectrum, and ‘(585, R=O-5)’ is the sum of the central 5 
radial zones of the detector for run 585, which was a transmission run. 
There must be no embedded blanks; the first blank after column 1 terminates 
the string. (The terminating blank may be followed by an ASCII cNUL>.) 
The string is divided into “lines” by a cCR><LF> after every 80 characters. 
Total length allowed is 720 characters (9 lines). 

Byte 1 is blank if the term will not need parentheses added when another 
operation is appended, 

is ‘+’ if the last operation was + or -, and 
is I*’ if the last operation was * or /. 

All data blocks following the abstract have keyword identifiers in the first record. If 
the first four characters aren’t one of the standard identifiers listed below, the record is 
assumed to be the type identifier of a new abstract. A blank record should be used to 
separate data files within a file. 

‘POINTS’ or ‘BINS’ 

An optional block giving the values of the independent variable (POINTS) or of 
the boundaries of histogram bins (BINS). The number of points should 
equal the value given in the second abstract record; the number of bin 
boundaries is one greater than this number. This block may be omitted if 
the independent variable is the channel number, or if it is time of flight that 
may be computed from parameters 2-5 of the abstract. For two-dimensional 
data, the first block will refer to the X coordinate and the second (if any) to 
Y. The dimension of the second block is not included in the abstract. 

‘AREA 

An optional block of normalizing factors to be divided into the data. This is 
useful if the data are raw histogram counts. For two-dimensional data, the 
first block will refer to the X coordinate and the second to Y. 

‘RMSBIN 

An optional block giving the rms of the values of the independent variable, for 
instance, when finding an average of data within a bin. For two- 
dimensional data, the first AREA or RMSBINS block will refer to the X 
coordinate and the second to Y. Note that the read subroutines described 
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below do not allow having both AREA and RMSBIN blocks associated 
with the same variable. 

‘DATA 

The dependent variable of a one-dimensional file (must not occur in a two- 
dimensional file). The number of data should agree with parameter 1 in the 
abstract. 

‘Y = nnn’ 

The identifier for this block has an ‘=’ anywhere within the first four characters 
and an integer within characters 6 to 15. The integer is the row number in a 
two-dimensional array (i.e., the Y coordinate). The number of data in the 
block should agree with parameter 1 in the abstract (the X coordinate). 

‘STDDEV 

Standard deviations of the data. This block should immediately follow the 
‘DATA’ or the ‘Y= ’ block to which it applies. May be omitted only if the 
dam have Poisson statistics; i.e., for raw histograms or simple sums of 
channels. 

Two standardized FORTRAN subroutines are available for reading these files, 
respectively, for one-dimensional and two-dimensional data. Both are written in 
Fortran 77 and should be highly transportable. 

Subroutine READ_lD(IUNIT, TYPE, TITLE, FLEID, UAHR, 
PARAMS, NP, HEADER, NH; 
X, DX, Y, DY, IFLAG, IERROR) 

Searches logical unit IUNIT for the next dam file of type TYPE, or for any one- 
dimensional file if TYPE = ’ ‘. Returns all abstract information and the 
arrays X, DX, Y, and DY. X is always converted to bin boundaries and DY 
defaults to SQRT(Y) if the STDDEV block was omitted. DX may be a 
normalizing factor (i.e., bin area) or the rms of points included in the bin (in 
which case IFLAG = 1). 

Variables in calling sequence: 

Integer 
TYPE cha+4 

char*40 
FlLEID char*17 
UAHR Real 
PARAMS Real(NP) 

Input 
In/Out 
output 
output 
output 
In/Out 

NP Integer Input 
HEADER Char(9)*80 output 

Fortran unit number 
Type to search for, or type found 
Title from first record of abstract 
Instrument_Date_Time identifier 
Integrated beam current 
Parameters in the abstract. May be 
preinitialized if missing from data file. 
Maximum number of parameters to return 
Character string describing operations 
previously performed on data 
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NH Integer 
X Real(*) 
DX REAL(*) 

Y ReaK*) 

K*G 
ReaK*) 
Integer 

IERROR Integer 

output 
output 
output 

output 
output 
output 

output 

Number of characters in HEADER 
Bin boundaries (channels + 1) 
Normalizing function or rms of bins (see 
IFLAG) 
Data values summed or averaged over bins 
Standard deviations of Y 
0 if DX is normalization, 1 if rms, or -1 if 
neither 
0 for successful read, -1’ for end-of-file, or 
system-dependent message number. 

Subroutine READ_2D(IUNIT, TYPE, TITLE, FILEID, UAHR, PARAMS, NP, 
HEADER, NH, X, DX, Y, DY, NY, 2, DZ, NXZ, IFLAG, 
IERROR) 

Searches logical unit IUNIT for the next data file of type TYPE, or for any two- 
dimensional file if TYPE = ’ ‘. Returns all abstract information, the one- 
dimensional arrays X, DX, Y, and DY, the two-dimensional arrays Z and 
DZ. X and Y are always converted to bin boundaries, and DX and DY may 
either be normalizing factors (i.e., bin areas) or the nns of the bins; IFLAG 
= 1 if DX is rms, 2 if DY is rms, or 3 if both, or defaults to -1 if no AREA 
or RMSBINS blocks were read. 

Variables in calling sequence (see also READ_lD): 

X ReaK*) output Bin boundaries (channels + 1) 
DX Real(*) output Normalizing function OR rms of bins 
Y Real(*) output Bin boundaries (channels + 1) 
DY Real(*) output Normalizing function OR ims of bins 
NY Integer Input Maximum value allowed for Y index 
Z Real(NXZ,*) Output 2-D data army 
DZ Resl(NXZ,* )Output Standard deviations of Z 

Integer Input First dimension of Z in calling program 
IFLAG Integer output 1 if DX is rms, 2 if DY is rms, 3 if both, 

0 if neither; - 1 if no blocks were read. 
IERROR Integer output 0 for successful read, -1 if end-of-file, or 

system-dependent error number 

The following examples include a monitor spectrum, a portion of a two-dimensional 
(RT) data set, and a completely reduced I(Q) data set. 
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L06T PS Spheres in 02OL LQO_881002_183520 

147,0.016,0.1,4766.4,3570.,4.522/ 

(586,Hl) 

DATA 

39330,39577,39931,40154,42386,35093,43607,47696,48769,46142,53731,58027,M273,68760,MO12,72744,88508,93455.98329,102528, 

99868,100849,95762,93280,M170,90028,89228,88547,86527,867~,82925,82224,82731,80713,74923,75558,722~,72749,7O022,66~3, 

6E183,65638,63261,60259,57851,55409,52779,51917,48913,45MO,42879,41453,~8471,37038,~921,32556,31038,29203,27277,25627, 

24o56,23515,22O97,2O39O,19O16,181~,17162,16163,151O8,14568,13589,12519,12~9,11358,1O758,1O121,9878,9326,8651,82~,7943, 

7335,6910,6815,6118,6091,5723,5206,4847,5023,4453,4358,4109,3945,3746,3532,3332,3142,2916,2909,2641,2383,2357,2074,1900,2017, 

1751,1629,15O~,1~2,1329,122O,11O9~1O61,92~,9~,954,773,767,6~5,66~,596,555,4~,527,472,~6,432,~5,~1,569,493,49~~~7,433, 

477,307,237,218,195,228,171,173,244,21l,201,187~ 

RT PS Spheres fn OZOS LQ0_881002_183520 

55,0.016,0.1,4766.4,,8,56,4.16,4.00,63.80,65~~,1,1/ 

(586,60-67) 

OINS 

5 6 7 9 9 10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,28,27,28,29,30,31,32,33,~,35,36,37,38,39,~,41,42,43,44,45,r16,47, II,, I 

48,49,50,51,52,53,54,55,56,57,58,59,60/ 

AREA 

36,41,45,55,61,64,72,78,89,87,97,107, 111,117,119,130,137,141,147,151,1~,167,170,178,186,198,195,200,212,219,225,223,239,245, 

247,253,256,274,269,280,286,292,305,297,312,318,329,332,327,342,352,357,363,363,380/ 

T= 60 

410,637,718,840,828,666,544,4&1.404,269,222,169,109,84,90,76,67,52,55,47,49,41,46,33.41,27,33,24,26,27,25,32,31,21,23,33,21, 

31,33,27,29,29,33,26,32,21,27,25,25,34.29,23,39,36,33/ 

T- 61 

463,644,711,792.791,661,6O3,475,395,29O,254,162,121,125,97,77,61,53,59,43,54,41,5O,52,45,38,44,36,27.33,19,3O,24,28,32,2O,22. 

35,35,26,28,34,25,27,26,32,20,27,26,35,22,24,25,31,39/ 

T= 62 

423,612,695,7O6,769,597,569,492,382,292,257,184,146,1O5,92,72,86,5O,59,62,58,47.42.34,32,42,44,25,32,32,32,27,28,29,25,26,26, 

25,34,21,24,26,23.27,30,25,39,21,27,28,24,28,35,31,23/ 

T= 63 

413,58O,656,787,7O8,651,564,5O5,4o8,253,2O4,2O1,148,142,85,1OO,74,44,68,38,46,44,33,39,33,29,35,28,22,27,34,29,17,2O,32,25, 

31,26,26,25,24,21,43,22,16,21,30,32,23,24,28,28,24,42,35l 

T= 64 

492,663,798,888,&1O,713,64O,49O,45O,348,264,216,157,134,1O9,81,72,63,57,48,49,46,53,47,33,32,32,26,34,39,23,26,39,24,29,19, 

23,3O,27,25,24,21,3O,28,Z5,23,33,15,3O,l8,28,38,Z5,Zl,29/ 

T= 65 

563,716,873,959,961,8l7,743,636,538,412,327,25O,l89,l33,ll8,93,88,76,69,66,58,42,43,42,55,35,~,32,32,23,2l,28,39,24,27,27, 

25,31,30,20,24,24,29,22,22,39,29,32,31,27,31,35,32,31,20/ 

T- 66 

542,722,82O,999,965,817,776,613,529,363,338,27O,191,146,124,1OO,86,7O,6O,54,57,53,37,45,45,38,29,47,42,34,19,31,31,35,29,24, 

22,26,29,32,26,29,26,24,28,30,33,35,25,30,20,29,35,32,38~ 

T= 67 

537,7~,878,1O48,1O43,835,7~,65O,597,447,375,298,2O3,166,136,1O6,88,75,S2,66,64,55,32,46,41,49,31,39,36,34,33,32,24,27,26, 

29,22,24,28,31,~,22,25.27,19,31~27.33.26,29,23~23,32,~9,35/ 
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Q PS Spheres In 020, less backgmmd$ LQO_861002_163520 

175,0.016,0.1,4766.4,,6.56,4.16,4,64.36,65.32,0.001,1/ 

.00636~~((566,25-147~/(586,H1~-~266,25-147)/(266,~1))/((5E5,R-0-5)/(565,~1)-(26 

6.R~0-5~/~266,~1~~~-~~~531,25-147~/(531,H1~-~266,25-147~/~266,H1))/((530,R-0-5)/ 

(530,~1)-(266,R-O-5)/(266,Ml)))) 

POINTS 

.00436536,.00525526, .00614516,.00703M7,.00792497,.W99117,.W970476,.0105M7,.0114846,.0123745,.0132644,.0141542,.015C441, 

.0159~..0166239..0177136,.0166037,.0194936,.0203935,.0212734,.0221633,.0230532,.0239431,.024833,.0257229,.0266126,.0275027, 

.0263926,.0292625,.0301724,.0310623,.0319522,.0328421,.033732,.0346219,.0355118,.03Mo17,.0372916,;0381~15,.0390714,.0399612, 

.~0~~11~.~1741,.~26309,.~35206,.~107,.~53006,.M61905~.~70~~~.0479703~.0~~602,.M97501,.050~~.0515299,.052419S~ 

.0533097,.0541996,.0550895,.0559794,.0568693,.0577592,.0586491,.059639,.0604289,.0613189,.0622087,.0630986,.0639985,.0648784, 

.0657682,.0666581,.067548,.0684379,.0693278,.0702177,.0711076,.0719975,.0726874,.0737773,.0746672,.0755571,.07M47,.0773369; 

.0762268,.0791167,.0600066,.0806965,.0617664,.0826763,.0835662,.0&14561,.085346,.0862359,.0871258,.0980157,.0~~9056,.0697955, 

.0906854,.0915753,.0924651,.093355,.0942449,.0951348,.0960247,.0969146,.0976045,.0966944,.0995&13,.1004742,.1013641,.1022EI, 

.1031439,.1040338,.1049237,.1058136,.1067035,.1075934,.1084833,.1093732,.1102631,.111153,.1120429,.1129328,.1138227,.1147126, 

.1156025,.1164924,.1173823,.1192721,.119162,.1200519,.1209419,.1219317,.1227216,.1236115,.124M14,.1253913,.1262912,.1271711, 

.129061,.1269509,.1298406,.1307307,.1316206,.1325105,.1334004,.1342903,.1351802,.1360701,.13696,.1378499,.1387398,.1396297, 

.1405196,.1414095,.1422994,.1431893,.1440791,.144969,.1456569,.1467480,.1476387,.1485296,.1494165,.1503084,.1511963,.1520682, 

.1529781,.153868,.157579,.1556478,.1565377,.1574276,.15~3175,.1592074/ 

OATA 

15.80074,15.70131,14.03314,12.96971,12.01633,10.90865,9.68711,6.75951,7.62483,6.69195,5.7565,5.04184,4.27975,3.63639, 

3.059001,2.538635,2.137722,1.783712,1.453942,1.175721,.9619,.776271,.636627,.540669,.439162,.379775,.3173052,.2743633, 

.2390564,.2112663,.1905863,.1699791,.1552704,.139609,.1214706,.1067911,.1000655,.0932941,.0844305,.0795719,.0707361,.0630396, 

.0577417,.0560538,.0496642,.0442402,.0461346,.0431675,.0396537,.0343013,.0329244,.0362312,.0301376,.0306653,.0261162, 

.0257065,.0241313,.02360~,.0233133,.021~2,.0191624,.019~51,.019~07,.01~263,.01655~,.0156574,.0160597,.01~2~, 

.0161062,.0140396,.0143537,.0t16013,.0130907,.0140593,.011789,.0097659,.0125543,.011823,.010506,.0105019,.0105475,.0083306, 

.0090731,.0110781,.0110659,.0108139,.0076473,.0093324,.0096139,.0055737,.0080336,.0070772,.00792&3,.01M317,.0080095, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.0085859,.005316,.0064653,.0065707,.0037507,.006131,.0054479,.0066602,.00696,.0056243,.0077263,.0065532,.0M1055,.0043105. 

.0080414,.0052919,.00779M,.0041736,.0112402,.0062016,.0070563,.0070565,.0053503,.0065116,.0075996,.0079357,.00M34,.00&1708, 

.0023693,.0110527,.W76639,.0059024,.0056123,.0037567,.0053503,.0073557,.0061662,.0081521,.0048909,.0025071,.0050546, 

.0059774,.0097345,.0049154,.003051,.0100641,.0019913,.0024025,.OOM69,-1.79600E-04,.0113137,.0048591,.0042823,.0024871, 

.007595,.0169763,.0073621,.010587,.0062251,.0130425,-.0022468,.0041678,.0205424,-.0074562,-.0129264,/ 

S7UOEV 

.717393,.345432,.2101421,.1454645,.1084216,.0836304,.0666984,.0545952,.0449675,.037833,.0319637,.027756,.0240273,.0209091, 

.01S2582,.0158739,.0139602,.0122865,.0106711,.00931563,.00816983,.00716164,.00635099,.00571524,.00506356,.00461366..00416~9, 

.00383574,.00355669,.00331412,.00311623,.00292196,.00277942,.00262959,.00245126,.00232701,.00221927,.00213281,.0020397, 

.00196352,.00187294,.00178925,.00171158,.00169016,.00161664,.00154567,.00156506,.00152939,.00147013,.0013M41,.00139347, 

.00133801,.00134727,.00133559,.0013169,.0012~099,.0012~97,.00127077,.00125066,.0012423,.00121~66,.00120157,.00119517, 

.00121126,.00120&42,.00117917,.00119601,.0012096,.00116653,.00117683,.00119129,.0011879,.00116165,.00123311,.0011~962, 

.0011~007,.00120034,.00122497,.0012055,.00121169,.00123146,.00122012,.00121736,.0012676,.00126462,.00127746,.00123269, 

.00129147,.00126648,.00124511,.00129579,.00129783,.00130067,.00136043,.00130496,.00132162,.00132559,.0013476,.001356~, 

.00132136,.W135902,.0013%66,.M)140159,.W1421M),.0014~3,.00146811,.W146246,.W15w42,.001~759,.00150284,.00148924, 

.0015071,.00151199,.00150779,.00154561,.00153916,.0015797,.00170547,.0016M57,.00169956,.00163201,.0016256,.001657,.00175939, 

.00171204,.001~2531,.00179535,.001~766,.001~7524,.00192122,.00191439,.00166791,.00196929,.00202~23,.00206691,.00201~0~, 

.0020899,.00202885,.00230308,.00217686,.00224597,.0022506,.0022236,.00235592,.00238541,.00255722,.00255744,.0025694,.002~52. 

.00270851,.00267466,.00297029,.003001~,.00306326,.00318072,.0033293,.0033508,.00361471,.00342613,.00360099,.00415799, 

.0040516,.0~16767,.00464013,.00527943,.00499696,.005522~7,.00512681,.00714669,.00665755,.00666036,.00967017,.00738286. 

.00997103,/ 
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A comparison of germanium and copper analyzers for 
pulsed-source crystal-analyzer spectrometers 

M. Yethiraj and R. A. Robinson 
LOS Alamos Neutron Scattering Center 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

ABSTRACT: We describe the new copper “organ-pipe” analyzer installed on the 
Los Alamos Constant-Q Spectrometertll and compare its performance with the 
previous germanium analyzer. In addition, we discuss the implications of our 
experience for pulsed-source crystal-analyzer spectrometers in general. 

1. Introduction 

It has long been realized121 that, for thermal and hot neutrons, beryllium is the 
material of choice for crystal monochromators and analyzers. On the basis of 
reflectivities, copper and silicon are next best, but the silicon coherent scattering 
cross-section is so small that silicon monochromators and analyzers would be 
impractically large (in thickness)ta. Given that it is only recently that single crystal 
beryllium has been grown reproducibly with sufficient quality for neutron 
monochromators131, copper is still the most practical choice for most thermal and hot 
neutron applications. On the other hand, if second-order contamination is a problem, 
the odd-index reflections (like (11 l), (113), (331) etc.) of a diamond-structure material 
like germanium can be used. The second-order reflections are systematically absent. 
However, a significant price will be paid in reflectivity (and hence intensity at the 
detector) when compared with a copper monochromator or analyzer. Within the 
neutron scattering community, a folklore has built up that order contamination is a 
significant problem on crystal-analyzer spectrometers and that one must therefore use 
germanium as an analyzer, even though the orders of reflection are separated by 
normal time-of-flight analysis. It seems that this belief has its origins in early 
experimentst4~51 in which the (004) or (006) reflections of pyrolytic graphite were 
used. It is straightforwardt6Jl to show that, for an analyzing energy EF and a primary 
to secondary flight path ratio Lr/I+,the limiting condition for observing an excitation 
of energy transfer E in the presence of n&order elastic contamination is: 

(1) 



390 Germanium and copper analyzer comparison 

While this is not the whole story, in that the corresponding nth-order energy gain 
processes (from thermally populated phonons or magnons) and the effects of finite 
resolution are not included, it does provide a reasonable estimate of the constraints 
imposed by order contamination. For second order contamination (n = 2) and Lr/LF = 
3.5, which is roughly what we now have on the Los Alamos Constant-Q 
Spectrometer, this gives E& I 6.9. Since one would not normally consider 
transferring much more than half of the incident energy to the sample, second-order 
contamination should not be a problem. Together with the fact that we had already 
done successful experiments with the germanium (220) reflection, which does have 
second-order contamination, this line of argument led us back to copper as an 
analyzer material 

2. The analyzer 

The “organ-pipe” analyzer geometry employed on the Los Alamos Constant-Q 
Spectrometer has been described previouslyt’] and is illustrated schematically in Fig. 
1. It has three advantages over the conventional disc geometry: 

1. the combination of (a) having the cylinder axes parallel to the [ 1 iO] axis and 
(b) pressing the original single crystal blocks parallel to the [llO] axis, as 
described in Ref. [l], means that one has a large horizontal and narrow 
vertical mosaic spread for all reflections of the type (hhk). 

2. the whole analyzer is used all of the time, in contrast to the disc geometry, 
This means that the minimum amount of material is used. 

3. the analyzer thickness can be varied as a function of scattering angle, so as 
to optimize the reflectivity, as shown in Fig. 1. 

- J Image point 

Fig.1 A schematic figure showing the “organ-pipe” geometry. 
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The photograph in Fig. 2a shows our original germanium analyzer. The original 
oriented germanium single crystals, of size 4 x 4 x 8 cm were bought from Eagle 
Picher Industries and hot-pressed in situ on a y-ray diffractometer at the Institut Laue 
Langevin, Grenoble. The mosaic spread is approximately 30’FWHM. 
Unfortunately, the original single crystals had significant small-angle grain 
boundaries, as detected in y-ray scans and the boundaries widened in angle during 
deformation. Some of the mosaic spread is therefore non-uniform. The germanium 
cylinders were then diamond core-drilled from the rectangular blocks used for pressing 
These crystals were then oriented on a two-axis diffractometer at the University of 
Missouri Research Reactor and glued, with dental cement, on to the mount shown in 
Fig2a. This consists of a set of vertical shafts driven by a worm and gear system 
from two horizontal shafts geared to a stepping motor. We wished to locate the 
crystals as close together as possible and this necessitated the use of two horizontal 
shafts rather than one. This system has worked well. The only problem encountered 
with it was that one of the horizontal shafts slipped, along its axis, relative to the 
other, with the consequence that the even crystals were misoriented by about lo with 
respect to the odd crystals. We believe that this was due to incorrect seating of one 
of the bearings during assembly. This manifested itself in the form of double peaks 
in scans with an elastic incoherent elastic scatterer and the system was realigned on a 
two-axis diffractometer at the Omega West Reactor at Los Alamos. 

Figure 2b shows the copper analyzer, which was constructed in a similar fashion. 
Again, plastic deformation was performed in Grenoble, cylinders were spark-eroded 
from the original boules and the analyzer was assembled on a two-axis neutron 
diffractometer at Missouri. In this case, we found that the optimum thickness varied 
much less strongly than for germanium. We therefore decided to use a single 
diameter (15 mm) for the cylinders. This gives us more flexibility in positioning the 
analyzer, as it is no longer optimized for specific scattering angles. In addition, 
optical encoders were installed on the horizontal shafts to aid in diagnosis of 
problems like that described above. The mosaic spread was approximately 20 
FWHM. 

3. Results 

For comparison purposes, we show results for the elastic line from a standard ZrHz 
sample with both the germanium (331) and the copper (220) reflections. The d- 
spacings for these reflections are 1.2979 A and 1.2780 8, respectively. Sections of 
representative scans are shown in Fig. 3. Figure 4 shows the variation of integrated 
as a function of scattering angle within our spectrometer. The normalized integrated 
intensity is about 4.5 times greater for the copper analyzer. This is a much greater 
difference than the 70% increase calculated using the program MONOPI. In addition, 
the lineshape (see Fig.3) is much cleaner. This is due to a more ideal mosaic spread 
in the case of the copper analyzer. There was no significant difference in the 
background levels with the two analyzers. 

4. Discussion 

Returning to Eqn. 1, one is very unlikely to build a spectrometer with Lr outside the 
limits 0 c Lr < Lt. The corresponding energy ratios, E/l+, lie between 3 and 
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Fig.2 Photographs of (a) the germanium analyzer and (b) the copper analyzer. 
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Fig.3 A typical time-of-flight scan through the incoherent elastic peak from ZrHz for 
Cu(220) and Ge(331) analyzers. The d-spacings differ by less than 2% and the 
monitor count was approximately 10% greater for the germanium run. 
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Fig.4 Integrated intensities (normalized to the same monitor count) for a wide range 
of detectors and the two analyzers Cu(220) and Ge (331). 
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infinity, for n=2. So, even in the worst case, second-order contamination should not 
be a problem, although it is fair to state that the longer the secondary flight path is, 
the less of a problem one has with order contamination. We conclude that there is BQ 
comuelling reason to use diamond structure analyzer materials on pulsed-source 
crystal-analyzer spectrometers, unless one is consistently depositing most of the 
energy in the sample. One can always achieve a higher reflectivity with copper and 
the relative performance will be even better than one calculates. This is simply 
because it is easier to achieve good plastic deformation with the latter and, as a 
consequence, one is closer to the ideal mosaic model and the observed copper 
reflectivities will be nearer to the calculated values. Even on existing spectrometers 
with germanium analyzers it is simple to check the points raised above: use of 
reflections like (220), which are contaminated by second-order, should give more 
intensity than the odd-indexed reflections as the structure factor is twice as large. 
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Recent results with the Los Alamos Constant-Q 
Spectrometer 

M. Yethiraj and R. A. Robinson 
Los Alamos Neutron Scattering Center 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

1. Introduction 

The Constant-Q geometry for measuring collective excitations on pulsed-neutron 
sources was proposed and tested by Windsor et alJ1 in 1978. By 1985, a second 
improved Constant-Q spectrometer had been built at Los Alamost21, and 
improvements over Windsor’s version were listed in a previous ICANS 
proceedingst31. In this article, we list further improvements made to the Los Alamos 
spectrometer and give a brief account of other progress on it. 

2. Improvements since 1985 

(a) Following the flight-path nomenclature in Ref. 2, L2 was increased from 200 
mm to 400 mm. This was made possible with the large multi-element analysers 
described elsewhere in these proceedings 141. It had effect in reducing backgrounds 
and diminishing contamination from nearby reflections in the analyser. 

(b) We installed a new copper “organ-pipe” analyser, described elsewhere in these 
proceedingst41, which gave intensity increases of a factor 3 to 5. 

(c) The detector complement was increased further from 64 to 96. The angular range 
now covered is from 7” to 62“. 

(d) The line-up detector system was modified so that the three detectors now have 
independent preamplifiers and independent channels in the multiplexer. 
Summing is now done in software, although the signals can also be added 
directly and fed to a rate meter and simple counting chain for manual alignment 
of samples. 

(e) Some improvements were made to the shielding in the region of the image 
point, mainly by using low-albedo materials (like B4C and l”B-Al) in well- 
engineered containers. In addition, the image point can now be flushed with 
argon gas. 
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3. Calibration procedures 

By measuring Bragg peaks from a nickel powder sample at the image point, we 
calibrate the flight path distances as well as the initial angle and the angular 
increment. Further, the scattering through the analyser of a ZrH, powder at the 
sample position is a check of the initial calibration; in this case, the elastic peak 
should also correspond to zero energy transfer if the calibration is correct. 

The above procedure was further tested by running with a KBr powder at the sample 
position using the 220 reflection in Ge for analysing the final energy of the neutron. 
In this case, the 111 Bragg reflection in KBr is within the Q-range of the instrument. 
It can be easily shown that the Bragg peak should appear at Qll = 0.51 A-l. As can 
be seen in Fig. 1, the scattering from this sample is an ellipse centered about zero 
energy transfer and Qll 3 0.5 A-l. Thus the Q calibration of the instrument is 

satisfactory. 

4.0 

2.0 

-2.0 

0.1 0.3 0.5 0.7 0.9 

QII (A-l) 

Fig. 1 The resolution of the spectrometer mapped out in the (QII, E) plane using a 

KBr powder sample and a Ge 220 analyser. The calculated peak position for the 111 

Bragg peak in KBr is QII = 0.51A-1, E = 0. This is a good check of the momentum 
transfer calibration of the spectrometer. 
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4. Measurement of spin waves in irod 

Inelastic neutron scattering measurements have been made on a single crystal of Fes4 
(12 at.% Si) that weighed -166 gms. The spectrometer locus in Q-space for a 
representative run is shown in Fig. 2(a). This scan was through the 110 Bragg peak 
in Fe and within 10.9’ of a [2003 direction. Figure 2(b) indicates the available range 
in energy transfer as a function of Qll. A typical time-of-flight spectrum from a 

8.0- 

olo . . 8.C 1 2.0 4.0 6.0 

0 ,W) Q,, (A-‘) 

Fig. 2 The kinematics of the scan used for Fe (Cu 002 analyser). Figure 2(a) shows 
a section of the (hk0) zone in the reciprocal lattice of Fe. The bold line indicates the 
spectrometer locus along which Qll increases. The scan passes through the 110 
reciprocal lattice point, which is marked X. Figure 2(b) shows the available energy 

range as a function of Qll, for angles between 7’ and 62’. The values of Qll marked 
W,X,Y and 2 correspond to the points indicated in Fig. 2(a). 

single detector is shown in Fig. 3. The three inelastic peaks seen in the data can be 
identified as the transverse acoustic phonon, the longitudinal acoustic phonon (which 
is unresolved from a magnon), and a second magnon mode, in order of increasing 
energy transfer. The individual detector scans were fitted with three Gaussians and the 
centers of each of the Gauss&s are plotted in Fig. 4 against the corresponding value 
of Qll. The dashed line is the calculated position, using the relation: E(q) = Dq2 
where the value of D used is 230 meV A2 , which was obtained in Ref. 6. Since the 
system is isotropic, this relation should still be valid even though the scan is not 
along a high symmetry direction. A very respectable agreement between the 
calculated and observed values is to be noted. We point out that this analysis is 
preliminary and that we have presented a limited portion of the data that we have 
taken. 

Measurements were also made at room temperature, but the background at higher 
energies (which is presumably due to multi-phonon scattering) was significantly 
reduced in the low temperature data shown here. 
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15oo-Fe(12% Si) DETECTOR 36 
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Fig. 3 A representative time-of-flight spectrum, from a single detector, for a 166-g 

sample 54Fe (12at. % Si) at 10 K, with a Cu 002 analyser. This scan, which took three 
days to run, corresponds to the configuration shown in Fig. 2. Three inelastic 
features can be seen and these are marked by arrows. The excitation at 

approximately 55 meV is a magnon, which corresponds to Qll = 3.0 A-'. 
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Flg. 4 The dispersion curve obtained for Fe from scans like the one shown in Fig. 3. 
The inelastic peaks were fitted with Gaussians and the centers of these Gaussians 
are plotted here against the corresponding Qll. The dashed line represents the 

parabolic spin wave dispersion measured previously by Lynr@; (D = 230 meV AZ). 
The spin wave branch on the right is well resolved, but that on the left is poorly 
resolved from low-lying phonons, as can be seen in Fig. 3. 
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5. Graphite 

We have also made a study of phonons in pyrolytic graphite. The spectrometer locus 
in Q-space for a representative run is shown in Fig. 5(a). This scan was through the 
005 Bragg peak and 31.7’ away from the [OOl] direction. Figure 5(b) indicates the 
available range in energy transfer as a function of Qll. A typical time-of-flight 
spectrum from a single detector is shown in Fig. 6. 

6.0 I I I 
a) 

I I 

4.0 - - 80 

0.0 2.0 4.0 6.0 8.0 0.0 1.0 2.0 3.0 4.0 s.0 

Q,&, Q,, (A-1) 

Fig. 5 The kinematics of the scan used for graphite (Cu 220 analyser). Figure 5(a) 
shows a section of the reciprocal lattice of graphite. The bold line indicates the 
spectrometer locus along which Qlt increases. The scan direction is along this line, 
where the point marked X is the 005 Bragg reflection. Q, is along the C* axis and Qy 
is in the basal plane of the sample. Figure 5(b) shows the available energy range as a 

function of Qtl, for angles between 7’ and 62’. The values of Qtt marked W,X,Y and Z 
correspond to the points indicated in.Fig. 5(a). 
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Fig. 6 A representative time-of-flight spectrum, from a single detector, for a sample 
of pyrolytic graphite with a Cu (220) analyser. This scan, which took two days to run, 
corresponds to the configuration shown in Fig. 5. A phonon can be seen at 

approximately 28 meV, which corresponds to QII = 2.16 A-1. 
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A phonon can be seen clearly at approximately 28 meV. By finding the center of the 
peak and plotting the energy against the corresponding Q-vector, a dispefsion curve is 
obtained. In addition, by looking at the contribution of each detector in any given 
energy window and normalising the intensity against the ZrH, elastic peak intensity, 
detector by detector, constant-E scans can be obtained. An example of a constant-E 
scan at E = 28 meV is shown in Fig. 7. The dispersion curve resulting from a series 
of constant-energy scans between 20 meV and 40 meV (with 2meV bandwidths) is 
shown (open circles) in Fig. 8, as is the dispersion relation obtained directly from 
individual detector peaks (dots). It should be noted that this is a preliminary analysis. 
Again, this is part of a more extended study of the phonons in graphite, but we have 
not yet had time to complete the full analysis. 

GRAPHITE 

CONSTANT-E SCAN 
3oo ENERGY= 28 meV 

t 
. . 

200 - . l . . .* 
. l . 

. . 
100 - 

. . . 
0. 0.. l 

l .* . 

l ** ._***... l **C.*.**‘.** 

I I I I I I I 

1.6 2.0 
Q,, CK’, 
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Fig. 7 A constant-E scan for the configuration shown in Fig. 5. This scan was 
obtained from raw data, like that shown in Fig. 6, with an energy transfer of 28 (ZL 1) 

meV. The peak is centered at CIII P 2.35 A- '. This procedure was carried out for 
several different energies and the results can be seen in Fig. 8. 
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Fig. 8 The dispersion curve for graphite obtained from the scan described in Fig. 5. 
The solid circles represent peaks in time-of-flight scans and the open circles were 
obtained from constant-E scans, like that shown in Fig. 7. It can be seen that the 
agreement between the two is well within the estimated error. The 005 reciprocal 

lattice point lies at Qll = 3.98 A- l. The solid line shows the dispersion curve for the 
[l lo] transverse acoustic phonon branch as measured by Nicklow et al.1 71. 

6. Conclusions 

There are a number of fundamental features of this type of spectrometer that we have 
found troublesome and which may severely limit its usefulness. 

Firstly, the fact that the scattering angle is tied to the analyser Bragg angle is 
very constraining. The only choice one has in reaching a given momentum 
transfer fiQ is in the choice of analyser d-spacing. This gives one very little 
latitude in manipulating the resolution function to obtain focusing. This 
constraint is peculiar to the constant-Q geometry and does not apply to the other 
pulsed-source crystal analyser spectrometer, the high-symmetry spectrometert71, 
which has one more degree of freedom in its operation. 

Secondly, even for constant-energy transfers, the energy resolution varies as a 
function of scattering angle. This is because the analyser Bragg angle (and 
therefore Er) vary with scattering angle. This is also true in the high-symmetry 
configurationtsl, but is not for conventional constant-E, machines (like chopper 
spectrometers) or reactor triple-axis spectrometers. 
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(c) Thirdly, the sample-analyser distance is relatively small (20 cm) in our case, 
even with a very large analyser array. While vertical collimation can be installed 
fairly readily in this section of the spectrometer, it is impossible to include 
divergent horizontal collimation without severely reducing the amount of sample 
viewed by the analyser, with a consequent unacceptable loss in intensity. This 
means that the shielding in this part of the spectrometer is weak and that 
background levels are higher than in spectrometers with well-collimated beams 
everywhere. This problem is peculiar to the constant-Q geometry. 

On the other hand, the surface on which the constant-Q spectrometer measures is a 
simple one, in contrast to that for constant-E1 machines (see Fig. 1 of Ref. 2). Even 
though the latter appear to give better signal-to-noise ratios, it is not yet clear 
whether single crystal data taken on them can really be analysed. 
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The new chopper spectrometer at LANSCE, PHAROS 
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USA 

ABSTRACT: We describe the new chopper spectrometer PHAROS under 
design at Los Alamos. It is intended to provide 0.5% incident energy 
resolution for incident energies between 50 meV and 2 eV. This will be 
achieved with a methane moderator and a 20-m incident flight path on Flight 
Path 16 of the Los Alamos Neutron Scattering Center. The secondary flight 
path will be 4 m for scattering angles between 10’ and 140’. For small 
scattering angles (down to 0.57, the secondary flight path can be extended to 
10 m. We include results of preliminary tests on phasing a prototype chopper 
and the Proton Storage Ring. These show that phasing can be achieved and 
that the width of the transmitted neutron pulse is in reasonable agreement with 
calculation. 

1. Description of the proposed spectrometer 

A new chopper spectrometer is currently under design at the Los Alamos Neutron 
Scattering Center. In March 1987, a workshop was held at the Argonne National 
Laboratory to define the parameters of the spectrometer, and the present design does 
not differ greatly from the thinking expressed in the report[ll of that workshop. The 
configuration of the spectrometer is shown schematically in Fig.1 and the proposed 
instrument parameters are given in Table 1. A more detailed scale drawing showing 
chopper positions and building constraints is shown in Fig. 2. 

Moderator-Chopper Distance 
Chopper-Sample Distance 
Sample-Detector Distance 

Moderator 
Source Repetition Frequency 
Chopper Frequency 
Chopper Diameter 
Chopper Slit Spacing 
Sample Size 

18.5 m 
1.5 m 

4 m between 10’ and MO0 
up to 10 m between -10’ and + 10’ 

12.5 x 12.5 cm2 liquid methane 
12or24Hz 

6OOHz 
10 cm 

1 mm or more 
up to 5 cm x 7.5 cm 
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Moderator 
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Fig. 1 A schematic diagram of the proposed LANSCE chopper spectrometer 
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Fig. 2 A scale drawing showing the position of the choppers and the spectrometer 
footprint in the LANSCE facility. The primary chopper sample and secondary flight 
path will all be in the new Experimental Hall ER-2, while the T-zero chopper and a 

_pos.sible pulse-shaping chopper will be in the old experimental hall ER-1. 

The spectrometer will be installed on Flight Path 16, which currently views a water 
moderator (in the flux-trap geometry) at 15’ from the normal to its surface. This will 
be replaced by a liquid methane moderator by 1992. Up to three choppers will be 
placed in the incident beam. The most important of these is the primary chopper, 
which is closest to the sample position. It is an aluminium-bodied chopper mounted 
on a magnetic-bearing system, which has been described previouslyt21, with a berated 
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slit package. Secondly, there will be a T-zero supressor, which is intended to block 
the beam line when protons hit the target, but be completely removed from the beam 
by the time 2eV neutrons (the highest energy we currently envisage using) reach it. 
While it would be best, from a background point of view, to place the T-zero 
suppressor as close to the source as possible, it will be 10 m from the source to have 
the beam fully open in time for 2eV neutrons. Thirdly, there will be provision for 
yet another chopper to be placed, at some later date, close to the bulk shield. This 
will be a fast chopper, similar to the primary chopper, and its purpose will be to 
clean up the spectrometer resolution function and/or to improve the time resolution 
beyond that of the moderation time. As the beam size in this position is larger than 
at the sample position, it would be best if this chopper could contain an aperture 
significantly larger than the sample size. 

Our philosophy is very similar to that which has been employed at ISIS, namely that 
we will have a fast magnetic-bearing chopper for monochromation purposes, with a 
slower nickel-alloy T-zero suppressing device upstream to reduce backgrounds. In 
contrast, the practice to date at IPNS has been to employ one Be-bodied chopper, on 
mechanical bearings, for both purposes. 

The secondary flight path will be evacuated, with the detectors placed outside the 
vacuum behind thin aluminium alloy windows. It will extend to 4 m for scattering 
angles between 10” and 140” and can be extended to a maximum of 10m in the 
forward direction. The purpose is for experiments at small momentum transfers (and, 
hence, small scattering angles), like neutron Brillouin scattering13*41. We plan to 
reach scattering angles as low as 0.5”, although we will need additional collimation 
between sample and chopper to achieve this cleanly. In all probability, the low-angle 
option will be ready before the wide-angle flight path, and we plan to build it in such 
a way that the spectrometer can be used solely in that mode at first. 

The spectrometer will use 10 atmosphere 3He proportional counters throughout, most 
probably 2.5-cm&am., 90-cm active-length linear position-sensitive detectors. We 
are currently working on window designs for the vacuum vessel, which are 
compatible with this detector configuration, while minimising the dead angle due to 
structural window panes. 

The incident beam profile and chopper apertures are such that samples of size up to 5 
cm x 7.5 cm may be used. This is significantly larger than beam sizes at ISIS, but 
significantly smaller than those on LRMECS and HRMECS at IPNS. 

2. Preliminary tests of the chopper system 

Figure 3 shows the components of our rotor immediately prior to assembly. We 
have run the primary chopper at 8 m from the moderator on a test beam line, Flight 
Path 5, at LANSCE. This flight path is considerably shorter than that proposed for 
the final spectrometer and it views a low-resolution ambient water moderator. The 
results are shown in Fig. 4. Figure 4(a) shows the relative phasing of the LAMPF 
accelerator to our chopper, without phasing the Proton Storage Ring (F’SR)lsl to the 
chopper. This distribution is very broad, with the tails clearly extending to f150 ps. 
We believe that this is mainly due to inaccuracies introduced in the zero-crossing 
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Fig. 3 Components of the 600-Hz rotor prior to assembly. The slit package 
consists of 0.71-mm-thick boron-fibre epoxy resin slats with 0.76-mm open slits 
between, all on a 1.5-m radius. 

circuirry that triggers LAMPF. However, the proton beam can be held in the PSR 
for up to 150 ps, with extraction on a trigger from the chopper. Results in this 
mode are shown in Figs. 4(b) through (d). Figure 4(b) shows the signal from a 
magnetic pick-up on the rotor; these data are directly comparable with Fig. 4(a). 
There is a small tail on the distribution, which we believe is due to the 150~ps 
window being insufficient in some cases. Figures 4(c) and (d) show transmitted 
neutron signals in two downstream monitors: the first of which is immediately after 
the chopper and the second is 3.1 m further downstream. The peak in Figure 4(c) has 
a standard deviation of 3.60 j_ts. If one calculates the width one should observe, based 
on the chopper parameters, the result in Fig. 4(b), and the monitor thickness, one 
arrives at a standard deviation of 3.2 p. Given the imprecision of the measurement 
in Fig. 4(b), this is reasonable agreement. The width of the peak in the downstream 
monitor is dominated by dispersion of the neutron pulse, which is mainly due to the 
moderator pulse width. 

These results show definitively that we can phase the chopper and the PSR. 
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Fig. 4 Time-of-flight spectra for the chopper system on flight path 5 at LANSCE. 
(a) The magnetic pick-up signal on the rotor, with the chopper following the 

LAMPF accelerator trigger signal. This represents the time jitter in the accelerator 
trigger signal. The FWHM is approximately 42 ps, but with very substantial tails to the 
distribution. 

(b) Magnetic pick-up signal as in (a), but with the proton beam held in the PSR 
until kicked out on a trigger from the chopper control signal. The standard deviation 
of this distribution is approximately 1.9 ps, the time bin-width (3.2 ps) being 
insufficient to determine this quantity accurately. 

(c) Signal in a beam monitor immediately after the chopper, with extraction from 
the PSR triggered by the chopper. The standard deviation of this distribution is 
3.60 f 0.12 vs. 

(d) Signal in a downstream monitor, with extraction from the PSR 
triggered by the chopper. The standard deviation of this distribution is 5.50 
f 0.22 ps. 
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Recently a future plan of a huge spallation neutron source has been proposed in a 
framework of the Japan Hadron Project (JHP), in which accelerated protons with lOO- 
200 p.A and 1-2 GeV will be used for the production of neutrons. Here, as a new 
concept, a unique cold moderator is considered, which can produce high intense 
pulsed-cold-neutrons with the extreme wide burst-width. If it will be realized, it will 
confer benefits on elastic scattering TOF-instruments, such as SAN in KENS, which 
does not require high time-resolution. However, it is a “devil” for ordinary inelastic 
scattering TOF-spectrometers with high energy-resolution, such as LAM in KENS. 
In these inelastic spectrometers, high time-resolution is required and the energy- 
resolution is approximately given by 2(burst-width)/(time-of-flight). It means that 
the ordinary inelastic scattering spectrometer with &/Ei = 0.005 must be constructed 
much farther from this moderator, at about 300 m. 

Because the area of JHP is very small, it is hard to prepare such a long Eight path. 
Even if it could be constructed with the long flight path, the available band-width of 
neutron wavelength becomes very small. For our future plan, many attempts should 
be performed to “invent” a new type of the TOF-spectrometer, which can realize the 
high energy-resolution even in the condition of a short distance and a wide 
burst-width on various spectrometers, including the ordinary one. 

The TOF spin-echo method (TOF-NSE) is one candidate for these trials. The pure 
spin-echo methodill has been already realized on the steady state sources, and many 
low energy excitations in magnetic systems, polymers and so on, have been 
observed. TOF-NSE was proposed by Mezei in 1979121 but not still realized at the 
spallation neutron sources. At KENS, we constructed a test machine of TOF-NSE in 
1983. 

If incident polarized neutrons with velocity Vt is 
observe dby the analyzer, P(Vl), can be written as 

P(Vl) = J dd3(e)cos(w~t~ 

used in NSE, the polarization 

- wztz), (1) 
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where 6 = m(V,2 - V3/2, tl = II/V, ,tz = Zz/Vs and ~1.2 = -yH1,2. m is the 

neutron mass, H,,z a magnetic field in pressesion section I and II, and Vz is 

the veiocity of scattered neutrons. S(e) is a scattering function of a sample. If 

VI - V, < V, and I = I1 = l2 and a = Ii1 = Hs, Eq.(l) is written as 

P(&) = J d&(+JS(T~) = S’(T), (2) 

where T = yl/(mVf)-H. In principle, it is possible to measure S’(T) in two kinds 

of neutron sources; the steaty state source and the pulsed source. In the case of 

the steady state source, r can be represented as a function of H because of V, = 

constant, and S’(T)~~~~~ can be observed by changing magnetic field H. In the 

case of the pulsed source, pulsed white neutrons are used as incident neutrons. 

Here, VL is determined as VI = L/t and 7 can be written as r = 7Hl/(mL3)-t3, 

where L is the total flight-path length and t the time-of-flight. This means 

S’(~)TOF can be automatically observed as a function of t3 in the constant 

magnetic field H. This is a most useful nature of TOF-NSE. 

A schematic layout of TOF-NSE is shown in Fig.1. Here we assume that 

r-turner and a/Zturners perfectly work for every neutron veracity, and that 1, 

= l4 = I5 = 1, = l7 = 0 and 610 = 0 in order to simplify the equation. The 

observed TOF-spectrum, I(t), is written as 

1(t) = l/2 
J 

PtP$jqeS(t - to - t1 - t2)(1+ cos(w& - f&)) 

S(c)b(E; - Ef - c)dtodtldtzdwldwzdc. (3) 

Here, pi,2 and P$ represent are fluctuations of the lengths and the presession 

frequency in presession sections (i = 1,2), respectively. E; and Ef are incident 

and scattered neutron energies, respectively. Pt is a pulse shape function of the 

neutron burst. Let’s represent P& , E$ and P* by Gaussian as 
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Pulsed Neutron 

Neutron Guide 

Source Tube Polarizer Coil I Sample 

Fig. 1 A layout of TOF-NSE. 

Pt = (d5&t)-1ezp(-(t0 - t,0)2/2a,2), (4) 

where t& wg2 and rf,2 are mean values of to, w1,2 and 1~. UCJ corresponds to the 

neutron burst-width. If u~~,~/V~ < UC,, I(t) can be written as 

I(t) = (2~k%r~~)-~ J dt&ez:p(-(t - tl: - tf - tfjJ2/2u,2) 

Here, 

[1+ *‘(al, U$qUl, U2)]S(4Wi - Ef - 4. _ (7) 

.ezp(-(g: + h:)/(uT + g:h?) + (g,” + G)/($j + gi%)) (8) 
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(9) 

where to” = I&J,, ai = V;/w;OlF = l/w”tP, 9; = cr,!/l;O and h; = e//w;“. 

!i?(q, ~2) and @(al, us) are a damping factor and an oscillation factor, re- 

spectively. Since VI N V,, I(ul , u2) is described by 

where g = g1 = g2 = hi = h2 is assumed in order to simplify. 99(u1) was 

calculated as a function of H . I in the case of Xi = 9A, and is shown in 

Fig.2. Here, Xi is a wavelength of incident neutron. Furthermore Q#(ui) was 

calculated as a function of Xi in the case of H .I = 120 Oe, and is shown in 

Fig.3. If g > 10m4, @Jai) g oes down drastically as Xi or H .I increase. These 

results indicate g < 10v4 is required to obtain a good neutron economy. In the 

same assumption, the oscillation factor @ is described by 

@‘(al, a2) = @8( q, u2) = cos(u,/(~: + g4) - a244 + s’)). (11) 

100 

H.Q (Oe.ml 

_I 

200 

Fig. 2 Damping factor Yg and H ’ 1. The solid lines are calculated with 1, = 9 A. 
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Fig. 3 Damping factor Yg and wavelength A,. The solid lines are calculated with 

H - 1 = 12We - m. 

In the case of S(E) = (6(~ - ~0) + a(~ + ~0))/2, H .Z = 1200e - m and g = lo-*, 

G8(al, a2) was calculated with E,, = 2peV and ~0 = 10peV and shown in Fig.4. 

This results show the oscillation of GJq, uz) with E > 2peV can be observed 

in the range 2.5A < X1 < 10A. 

d 

\ 
\ \ 
1 
\ 
\ 

\ 
\ 
\ 
\ 

5 

WAVE LEI\IGTH 1, (Al 

Fig. 4 Oscillation factor @g and wavelength A,. The solid line is calculated with 

E = 10 peV and H - 1 = 12We - m . The dashed line is calculated with E = 2 peV and 
H.1=1200e.m. 
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The effect of the burst-width on the TOF-NSE should be discussed using 

Eq.(7). As is obvious from this equation, if the burst-width is much smaller 

than a period of @‘s one can expect no effects on TOF-NSE spectrum. Since 

qs changes very slowly under g = lo-* as shown in Figs.2 and 3, it is possible 

to consider that 9, is not affected by the burst-width. In order to observe a 

clear oscillation of S’(T)T~F under lo = 18m and 0 < X1 < 9A, the following 

condition is at least required: 

3EWl. (burst - width)@, . 1000) N 0.1 < 1 (12) 

In the case of (burst - width) N 200psec (KENS-I) and H. I = 1200e. m, the 

’ no effect ’ can be realized in the range E < 17peV. Under these results, our 

test machine was designed with g N lo.+ and H .1 = 1200e. m. It is shown 

by the photograph (see Fig+). In the case of (burst - width) N 1000,usec 

(JHP) and H. l = 1200e. m, one can observe the clear oscillation only in the 

range E < 3peV. These results indicate that the TOF-NSE spectrum is much 

affected by the burst-width and can give correct information on S(E) only in 

very small range. If one constructs TOF-NSE under the wide burst-width, the 

complete determination of many parameters mentioned above and the precise 

data correction will be necessary. 
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Fig. 5 Photograph of the test machine. 
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ABSTRACT: Resolution characteristics of neutron spectrometers using 
Larmor precession of the neutron spin are presently limited by magnetic field 
homogeneities of a special type. The line integral of the modulus of the 
magnetic induction BF IBI dl along a neutron trajectory of length L is a 
measure of the amount of precession performed by the neutron. Hence, it 
should be precisely the same for all neutrons of the same energy in a diverging 
beam. We present an analytical solution to the variational problem fi IBI dl = 
constant for the case of cylindrical magnets coaxial to the beam axis. This 
solution describes the best it-rotational field shape along the beam axis z. The 
optimal homogeneity is significantly better than for a simple solenoid of 
comparable dimensions. Improved neutron economy can be achieved because 
our magnets can be made much shorter than solenoids. For realistic lengths L 
and beam radii r, it is, however, not good enough for high-resolution 
spectroscopy. Therefore, we studied a way to correct both for the residual 
inhomogeneities of cylinder magnets and the line-integral variations caused by 
pathlength differences, which result from finite angular beam divergence. Such 
corrections can only be done by introducing current distributions in the beam. 
Their optimal distributions can also be calculated analytically, and we present 
a way of implementing them in practice. In addition, we discuss the 
application of the same correction technique to other magnets, demonstrating 
that it is useful in general for cylinder-symmetric magnets such as solenoids. 
With magnets designed and corrected this way, the Larmor phase angle is a 
unique measure of the neutron energy and the resolution of spectroscopic 
methods using Larmor precession, such as LPS, which allows spectrum 
determination before or after scattering, or more sophisticated techniques, such 
as NSE and NMS*, for example, is not influenced by corrections or other 
limitations caused by imperfect magnets. With the two novel concepts of 
optimal magnets (OFS) and pathlength corrections described here, the 
resolution properties of Larmor precession techniques can be ,pushed to their 
intrinsic limits. As further results of the correction technique introduced here, 
wider angular divergencies can be used, resulting in substantially improved 
neutron economy. 

*Spectroscopy techniques using Larmor precession (LPS) are: 
NSE: neutron spin echo, NSM: neutron spectral modulation and just LPS. 
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The collimation system at the IPNS small angle diffractometer 

Small angle diffractometers at pulsed sources need to have fairly short flight paths if 
they are to make use of the long-wavelength portion of the spectrum without 
encountering problems from frame overlap or sacrificing intensity with band-limiting 
or pulse-removing choppers. With such short flight paths, achieving the necessary 
angular collimation in the incident beam while utilizing the full source size (-10 cm 
diameter) and a reasonable sample size (-1 cm diameter) requires the use of 
converging multiple-aperture collimation Ill. If the collimation channels are all 
focussed to the same point on the detector, then the large sample size will not affect 
Qmin or the Q-resolution[21, even if the sample-to-detector distance is short. The 
Small Angle Diffractometer (SAD) at IPNS uses crossed-converging soller 
collimators to provide focussing multiple-aperture collimation having -400 
converging beam channels with essentially no “dead” space between them. This 
entire collimator system occupies a distance of only -60 cm along the incident flight 
path, while providing angular collimation of 0.003 radians FWHM. These 
collimators are shown schematically in Fig. 1. The dimensions for the SAD 
upstream collimator are L, = 32.8 cm, d1 = 0.974 mm, ds = 0.851 mm, while for 
the SAD downstream collimator L, = 25.0 cm, dr = 0.844 mm, ds = 0.750 mm. 
Each of these collimators has 20 blades defining 21 horizontal or vertical channels. 

These collimators use blades of stretched mylar coated with lsB in a suitable binder131, 
and are commercially available (Cidic, Ltd., Cheltenham, England). For the initial 
set of such collimators provided to IPNS for SAD, the coating was brushed on in a 
layer -10 microns thick on each side of the mylar. This set of collimators had 
adequate absorbing power to define the beam quite cleanly at the calculated 
geometrical limits when using 18, neutrons. However, at longer wavelengths 
“wings” began to appear on the transmission pattern, resulting in appreciable 
intensity appearing at the detector well outside the geometrical beam penumbra. 
Figure 2 shows a typical pattern of these “wings”, with no sample or other scatterer 
in the beam, and Fig. 3 shows how the total “wing” intensity outside the beamstop 
(which was slightly larger than the geometrical beam penumbra) varied with 
wavelength. Note that even in the worst case, the “wing” intensity was only 
-3 x 1O-5 of the main beam intensity, so although this collimator-produced 
background was large enough to be easily seen on the SAD and to interfere with the 
lowest Q data from weakly-scattering samples, this was really a very small effect. 
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CONVERGING 
SOLLER CULLIMATDRS DETECTOR 

C2Z--_ ___--- 

bL.4 
\ 

Fig. 1 Schematic representation of a crossed converging soiler collimator system. 

Fig. 2 Contour plot of total empty-beam background intensity on the SAD detector, 
showing the background “wings” observed about the main transmitted beam. The 
main beam has been absorbed by a beamstop and so is not seen in this figure. 
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Reflectivities of absorbing materials 

The wavelength dependence exhibited in Fig. 3 suggested that this “wing” 
phenomena was probably due to reflections from the collimator blades. The 
reflectivity R of a flat surface of homogeneous material is given by141 

R= 
1 -J(ll” - cos20)/sin26 

(n2 - c0s2B)/sin2B 
(1) 

Where 8 is the angle of incidence, and the complex index of refraction n can be 
written as 

u2 = nr2 - u.2 ni2 + i2Ilrni II: 1 - ‘lI: & + 1 n; 
a&2& 

(2) 

where 6; and bi are the average real and imaginary components of the scattering 
length for the material, and N is the number density of the material. Applying Eq. 2 
to Eq. 1 and assuming that 8 is small leads to 

(3) 

with 

(4) 

F = Nh2 6 

7c sin28 ’ 

The “critical angle” 8, is the angle which makes E = 0. 

N3L2 - sin2Clc = ‘II: br (6) 

In the case where F = 0 (no absorption), R = 1 for angles less than 8,, and total 
reflection occurs. If br c 0, 8, is not defined and total reflection does not occur. 
However, the reflectivity always approaches 1 as 6 approaches 0 or h approaches 00, 
so it can still be substantial at small angles or large wavelengths. 
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Fig.3 Observed ratio of collimator-produced “wing” background to main beam 
intensity for the original SAD soller collimators. 

Figure 4 shows the minimum reflectivity which results from varying E at constant 
F, as a function of F. Two features can be noted: (1) very small reflectivities can 
only be obtained for F near 0, and hence for small values of bi (implying small total 
cross-section) and/or small wavelengths and/or large angles. This means that within 
the framework of this theory, namely treatment of the medium as homogeneous and 
ignoring resonance effects, everv nood absorber is also at least a fairlv eood reflector 
at small angles and/or large wavelenaths. (2) For any given F there is an optimum 

value for E, and hence for any given bi there is an optimum value 6, which will 
minimize the reflectivity. Thus there is some room for optimization by changing 

the material constituents to vary 6; even when bi must remain large and fixed (as is 
the case when a material of a certain total absorption is required, but it is desired that 
this material have as low reflectivity as possible). 

A large value for the absorption cross-section leads to a large magnitude for bi, and 
hence to a large value for F, giving a relatively large reflectivity. Thus it is desirable 

to have a value for bi no larger than necessary, as determined by the total absorption 
required. The best that could be done to minimize the reflectivity (within the 
framework of this homogeneous model) for the SAD collimators, while still 
providing adequate absorption, would be to coat them with a material having the 
approximate parameters 



m c -1.4 x lo9 cm-2 
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Nfj, _ -(2-8) x lo8 cm-2 
0 
(8) 

0 

Fig. 4 Minimum reflectivity resulting from varying E (related to the real component 
of the scattering length - see text) at constant F (related to the imaginary component 
of the scattering length - see text) as a function of F. 

Monte Carlo simulation of Soller collimators 

The Monte Carlo simulation program SOLLER was written to simulate the 
transmission of neutrons through a converging or straight soller collimator. The 
program simulates just one channel of such a collimator, and treats the problem in 
two dimensions only. The blade surfaces were simulated by randomly chosen 
connected straight line segments. Because it was found that a few individual facets 
which were properly oriented for reflection could cause pronounced features in the 
pattern observed on the detector, new surfaces were generated several times during the 
simulation so that the results were averaged over different sets of surfaces. Both 
reflection probabilities, given by Eq. 3, and scattering probabilities were considered 
whenever a neutron path intersected one of these surfaces. 

The downstream SAD collimator was simulated using the dimensions given above, 
and with the material parameters 

6, = -0.0221 x IO-l2 cm 

Si = (-0.0556 - 0.0441/h’) x lo-l2 cm, 

&I, = 26.73 barns, and 
N = 1.222 x 1O23 per cm3. 
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(These parameters were derived on the assumption of a 50-50 (by volume) mixture of 
lOB and CH2, the latter simulating the binder.) A smooth surface and two different 
rough surfaces were simulated. For the rough surfaces the ends of the surface 
segments were allowed to vary f0.02 mm from the nominal surface line, and the 
mean surface segment lengths were set to 0.2 mm (0.1 rough) and 0.04 mm (0.5 
rough) respectively (the second case being the “rougher” surface, with the rms angular 
variation of surface segments in the second being 5 times that in the first). A 
“roughness” value is defined here as the ratio of maximum segment end displacement 
to mean segment length. 

Figure 5 shows the ratios of the calculated “wing” probabilities to the main beam 
probabilities as functions of wavelength for each of these three surface roughness 
cases. For wavelengths > 2 A, the collimator-produced background was due almost 
entirely to reflection from the blade surface facets, while for wavelengths < 2 A 
incoherent scattering from the blade surfaces began to dominate. Also shown in Fig. 
5 are the ratio of “wing” events to main beam events observed for the real SAD 
collimator. The 0.5 rough surface produced an absolute magnitude and a shape versus 
h for the “wing” background very similar to that experimentally observed at SAD. 
(Simulated segment sizes in the 0.5 rough case approached realistic physical 
dimensions, with a 40~ average length and a f 2m maximum end displacement.) 

7. 
g I I I I I I 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 1 

Wavelength (Angstroms) 

4. 0 

Fig. 5 Monte Carlo simulation of collimator-produced “wing” background with 
different blade surface roughnesses and different material parameters. Solid - 
smooth blade surface; dotted - 0.1 rough blade surface; dashed - 0.5 rough blade 
surface; chain - dot - observed behavior for the original SAD collimators, taken from 
Fig. 3. 
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The “wing” background fraction was also calculated using the SOLLER program for 
a 0.1 rough surface with the “optimized” parameters of Eqs. 7 and 8. A factor of 
10 - 20 decrease in this background fraction, relative to that calculated above for the 
same roughness with the 50 - 50 mixture, was obtained by the use of the optimized 
materials, but small shifts (&0.004 x lo-l2 cm) in 6, from the optimum value 
resulted in a factor of -2 increase in the calculated collimator-produced background. 
Thus although significant gains can be achieved by optimizing the material 
parameters, these parameters must be adjusted quite closed to the optimum values in 
order for these gains to be realized. 

As can be seen in Fig. 5, surface roughness had a pronounced effect on the number of 
neutrons reflected out of the beam by the collimators. A decrease in “roughness” 
from 0.5 to 0.1 resulted in more than a factor of 10 increase in the “wing” 
background fraction, and the further decrease in roughness form 0.1 to 0.0 (smooth) 
increased this fraction by another factor of -50. However, there was very little 
change in the wavelength dependence of these fractions except for h I 2 A, where 
the incoherent scattering starts to dominate the results. 

New collimators 

Based on the results of the Monte Carlo simulations and on the considerations of 
reflectivities of practical absorbing materials, it was concluded that significant 
improvements in soller collimator performance would be easier to achieve by 
improving the surface roughness, rather than by optimizing the absorbing coatings to 
minimize reflectivity. Fortunately, in the interim Cidic had developed a method for 
applying “matte” coatings, rather than the original brushed coatings, of the l”B-plus- 
binder to the surfaces of their mylar collimator blades. Thus a second set of 
collimators was obtained, geometrically identical to the first SAD collimators, but 
this time with the boron applied in two matte-finish coatings on each surface. These 
new collimator blade surfaces appeared distinctly rougher, and had significantly less 
optical “shine” than did the originals when viewed at grazing incidence. These new 
collimators were installed on SAD in May, 1988, and were much improved over the 
originals. No “wings” could be observed at all, and the background over the 
remainder of the detector was reduced as well. Figure 6 compares the “wing” 
background (obtained by integrating over the same set of detector cells used for 
calculating the original “wing” intensities) observed with these new collimators to 
that produced by the originals. Further testing of these new collimators will occur in 
Fall, 1988, but it is already clear that the rough surface has resulted in a significant 
improvement beam quality with no measurable reduction in main-beam intensity. 

Summary 

The neutron beam transmitted through the soller collimators on the SAD instrument 
at IPNS showed “wings” about the main beam. These “wings” were quite weak, but 
were sufficient to interfere with the low-Q scattering data. General considerations of 
the theory of reflection from homogeneous absorbing media, combined with the 
results from a Monte Carlo simulation, suggested that these “wings” were due to 
specular reflection of neutrons from the absorbing material on the surfaces of the 
collimator blades. The simulations showed that “roughness” of the surface was 
extremely important, with “wing” background variations of three orders of magnitude 
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Fig. 6 Measured ratio of collimator-produced “wing” background to main beam 
intensity (triangles) for the new “rough-surface” SAD collimators. The observed 
behavior (circles) of the original SAD collimators is shown for comparison. 

being observed with the range-of roughness values used in the simulations. 

Based on the results of these simulations, new collimators for SAD were produced 
with a much rougher l”B-binder surface coating on the blades. These new collimators 
were determined to be significantly better than the original SAD collimators. This 
work suggests that any soller collimators designed for use with long wavelengths 
should be fabricated with such a rough surface coating, in order to eliminate (or at 
least minimize) the undesirable reflection effects which otherwise seem certain to 
OCCUT. 
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Introduction 

A number of years of experience in diffraction from amorphous materials has now 
been accumulated at various pulsed neutron sources. Workshops at IPNS and 
elsewhere have distilled some of this experience to provide a set of criteria for a new 
diffractometer dedicated to and optimized for structural studies of amorphous 
materials. These criteria include: 

1. All Q values should be measured with as short wavelengths and small scattering 
angles as possible to minimize both inelasticity and attenuation corrections for 
highly absorbing samples. The workshops suggested that a wavelength range of 
-0.2 - 2 A would be appropriate. A large solid-angle detector at small scattering 
angles is required to make an efficient instrument under these conditions. 

2. Wavelength and a& le information should be kept separate (no time-focusing) 
until wavelength-dependent corrections have been made. 

3. The instrument should provide a high incident flux and a large scattered solid- 
angle coverage so that reasonable data rates can be achieved with small samples and a 
rapid turnaround time is possible with larger samples. 

4. Resolution should be adequate for the problems but no greater than necessary to 
keep the data rates as high as possible. The workshops suggested that resolutions 
ranging from AQ = 0.005 A-l at Q = 0.05 A-t to AQ = 0.15 A-1 at Q = 20 A-1 
would be appropriate. The implications of these resolution requirements are 
discussed further below. 
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This paper discusses the instrument GLAD (Glass, - Liquid, and Amorphous 

Materials Diffractometer) which has been designed to meet these criteria and is - 

now being built at IPNS. This instrument involves the use of relatively short- 

wavelength neutrons and a sophisticated neutron detection and acquisition 

system. A preliminary, simplified version of the instrument has been 

constructed while the final version is still under design, in order to develop 

the data acquisition and analysis techniques and to develop methods for 

collection of data with adequate quality (low background) at short wavelengths. 

This paper will briefly outline the final instrument envisioned and its 

calculated performance, but will focus mostly on the details of the 

detection/acquisition system and the calibration and data collection procedures 

which have been developed. The brief operating experience which has been 

gained to date with the preliminary instrument version will also be summarized. 

Conceptual Design and Projected Performance 

The design criteria noted above have led directly to several features of 

GLAD. In particular, the incident flight path should be short to provide high 

intensities. Angular considerations rather than wavelength uncertainties 

dominate the resolution at the small scattering angles of interest here, so the 

incident path can be as short as is permitted by the space constraints at IPNS. 

Soller collimators can be used to provide the necessary angular resolution for 

the incident beam, so a relatively large sample size and the full moderator 

size can be utilized with no loss in resolution. 

Figure 1 shows a sketch of the final version of GLAD as currently 

conceived. This instrument will have a 9.0 m incident flight path (the minimum 

value consistent with spatial constraints on the beamline chosen at IPNS), and 

a 3.0 m “diameter” scattered flight path. Two sample positions are provided. 

The 9-meter “high-resolution” position is located where the beam enters the 

scattered flight path, and the “high-intensity” position is located 1.5 m 

further downstream at the center of the scattered flight path. Converging 

soller collimators, focused at the point where the beam exits the scattered 

flight path (3.0 m from the high-resolution sample position), provide incident 

beam collimation of 0.007 rad FWHM in the horizontal and vertical directions. 

The circular detector locus then eliminates the sample size as a factor in the 

resolution when the sample is located at the high resolution position. 
1 

At the 

high-intensity position this focusing is still effective for small scattering 

angles, but is ineffective at the higher scattering angles. However, using 

this sample position places the sample much closer to the detectors and hence 

provides a much greater solid angle for detection of the scattered neutrons - 

thus the name “high-intensity”. As shown in the figure, the detector positions 
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Fig. 1 Plan view of the GLAD instrument. 

nearest the high-resolution sample position deviate somewhat from the circular 

locus, reducing the detector size contributions to the resolution to acceptable 

values. 

With this flight path configuration the desired resolution can be achieved 

(for the high-resolution position) by using detectors which are - 1 cm in 

diameter. At small scattering angles the spatial resolution along the axes of 

the detectors must be of comparable magnitude, so position-sensitive detectors 

must be used. Two-dimensional proportional counters suffer from data rate 

limitations, so we have chosen to use cylindrical linear position-sensitive 

detectors (PSD). The position encoding scheme used for these detectors is 

discussed below. The detectors are located in a controlled atmosphere, outside 

the scattered-flight-path vacuum and separated from the vacuum by thin Al 

windows. The detectors are mounted with their axes normal to and centered on 

the scattering plane, in “modules” which each contain - 40-60 detectors and a 

mechanism for providing absolute position calibration. This position- 

calibration mechanism consists of a neutron-absorbing bar which can be driven 

to various known positions in front of the detectors by a stepping-motor 

system. Individual detector positions within each module are chosen to provide 

as nearly continuous angular coverage as possible while preventing “shadowing” 

by adjacent detectors when either sample position is used. As shown in Fig. 1, 

the locations of the detector modules are not symmetrical about the incident 
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beam, so that detectors on one side will cover the gaps in angular range on the 

other side necessitated by the flight path structural components and detector 

calibration mechanisms. Figure 2 shows a typical mounting arrangement for the 

detectors, preamplifiers, and detector calibration mechanism in one detector 

module. A beam “attenuator” upstream from the flight path exit window absorbs 

most of the direct beam before it reaches the detectors, allowing the PSD bank 

to operate in the forward-scattering direction. 

ABSORBING 

BAR 

PREAMPLIFIER 

- DETECTORS 

PRE .IFIER 

Fig. 2 Schematic representation of the detector module intended for the forward 

scattering direction, showing detectors, preamplifiers, and the absorbing bar for 

position calibration. Modules for other scattering angles are similar, although 

detector shadowing considerations lead to location of detectors in a single row, 

rather than the staggered double row shown here, for most of the higher-angle 

modules. For clarity, only two of the sets of coaxial cables between the detectors 

and preamplifiers are shown, and the drive mechanism for the absorbing bar is 

omitted from the drawing. 
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The scattered flight path will be evacuated, and in cases where sample 

environment is not of particular importance, samples can be mounted directly in 

the flight path vacuum with no other windows to contribute to the scattering. 

When sample environment must be controlled, as for cryostats or furnaces, a 

thin-windowed “well” can be used to separate the sample environment from the 

flight path vacuum. 

As can be seen in Fig. 1, the.incident beamline includes provisions for the 

installation of Fermi choppers when desired. Since the use of a chopper will 

drastically reduce the overall data rate, this is not expected to be the normal 

operating mode. However this capability will allow the collection of elastic- 

scattering rather than total-scattering data when required for specific 

problems. It is also possible that a second, somewhat different chopper may be 

needed in the incident beam to suppress background originating from the prompt 

pulse or from scattering in the main chopper, so two different chopper 

locations have been provided. 

Figure 3 shows the calculated performance for this instrument. These data 

are based on Monte Carlo simulations which trace neutron paths from the 

moderator, through the collimators and sample, and into the detectors. The 

results presented here include effects of the Soller collimators. The 

simulations predict values of resolution which are nearly equal for each 

detector position-element with the same Q-value, independent of the scattering 

angle and the vertical position on the detector. The resolution M/Q shown in 

Fig. 3 is in line with the resolution goals stated above. For low values of Q, 

AQ/Q increases rapidly as Q decreases, while it reaches a nearly constant value 

slightly larger than 1% for Q greater than 5 A-‘. These results were 

calculated by summing, with equal weight, all detector elements contributing to 

the same range of Q. The resolution for the individual detector elements is 

somewhat better, but since the angular coverage for each element is slightly 

different, the summing process degrades the resolution. Estimates of count 

rate are based on measurements done on the Special Purpose Powder 

Diffractometer (SEPD) at IPNS. This estimate of intensity is the sum of all 

elements with the same average Q-value, assuming - 450 detectors in the 10 

modules as shown, and corresponds to the composite resolution AQ/Q shown in the 

lower curve in Fig. 3. 

Temporary Flightpath 

Because of the long lead time required for design and procurement of the 

vacuum flight path for this instrument, it was decided to begin with a 

temporary flight path while the final unit is still under design. This will 
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Fig. 3 Calculated resolution (FWHM) and intensity for GLAD. The calculated 
values are based on a 1 cm square x 1 mm thick vanadium sample at the high- 
resolution sample position, and are for an instrument geometry and detector 
locations approximately as shown in Fig. 1. 

I.0 

enable us to gain experience in the use of the rather complicated 

detector/data-acquisition system envisioned, to begin work on reducing the 

backgrounds at short wavelengths, and to develop methods for handling and 

analyzing data sets of the expected magnitude (see below for projections). The 

temporary flight path is shown schematically in Fig 4. This path allows the 

use of one complete detector module with 55 detectors, as shown in Fig. 2, 

providing scattering angles up to + go. An evacuable chamber is provided so 

that samples can be in cryogenic or other environments, but the scattered 

flight path is Ar-filled rather than evacuated. To increase intensities, the 

incident flight path for this temporary version was chosen to be 7.5 m rather 

than the 9 m planned for the final instrument. Otherwise, the temporary 

version provides a reasonably good simulation of the planned final unit. 

Detectors and Position Encoding 

The position-sensitive detectors selected are 1.27 cm dia x 60 cm active 

length 3He-filled gas proportional counters, containing 10 atm of 3He plus 
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Fig. 4 Temporary GLAD flight path used to gain experience while the flight path 
shown in Fig. 1 is being fabricated. 

additional stopping and quench gases. The resolution specifications require 

that these detectors be capable of - 1 cm resolution along their length, which 

is compatible with encoding each detector into 64 segments. The intrinsic 

detector resolution due to the stopping range of the fill gas is - 0.5 cm, and 

the contribution due to the noise in the encoding electronics should be kept to 

a comparable amount to ensure the desired overall resolution. 

The charge-division method is used for position encoding. The neutron 

detection process starts with the absorption of a neutron at a distance x from 

end A of the detector. The absorption reaction is 

n + 3He + 
1 
H + 3H + 765 keV (1) 

The resulting proton and triton ionize the stopping-gas molecules, depositing 

the 765 keV of kinetic energy within a short distance (- 0.5 cm) of the initial 

absorption. Gas amplification from the proportional mode operation then leads 

to a sizable charge being deposited on the anode at position x’, which is the 

projection of the center of the ionization cloud produced by the proton and 

triton and so may differ from x (by at most - 0.5 cm for this fill-gas 

mixture). If VA and V 
B 

are respectively the peak voltages output by the 

charge-sensitive preamplifiers at ends A and B of the detector of length L, 

then the encoded quantity is 

X’ 
vB 

t = 
‘A + ‘B 

(2) 
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Data Acquisition Requirements 

Based on the final instrument design and the source flux available at IPNS 

with the new multiplying target, it was estimated that the data acquisition 

system must meet the following criteria: 

Maximum instantaneous data rate per detector - 5~10~ n/sec/det 

Maximum time-averaged data rate per detector - 1~10~ n/sec/det 

Maximum number of detector elements 

64 elements/detector 

- 450 detectors 

- 29,000 elements 

Maximum total time-averaged data rate - 4. 5x105 n/set 

Maximum number of time-channels per detector element - 1000 channels 

Histogram memory per channel 2 or 4 bytes 

Maximum histogram memory required with no grouping 

- 29 x lo6 channels - 60-120 Mbytes 

The last result implies that the data acquisition system must group on the 

average of at least - 10 elements per channel on the fly in order to reduce the 

single-histogram size to a manageable value of - 10 Mbytes or less. Strategies 

for accomplishing this are discussed below. 

Data Acquisition 

To handle the high instantaneous and time-averaged data rates expected for 

GLAD, we have developed a new FAST Data Acquisition System (FASTDAS) for use at -- 
IPNS. This system is capable of histograming data in a fashion similar to the 

present microprocessor-based data acquisition systems in use at IPNS, but can 

build the histograms at a 300 kHz rate and can handle up to 65,536 detector 

elements. If higher rates prove necessary, multiple FASTDAS systems can be 

used. 

An overview of the system is sketched in Fig. 5, and individual components 

are shown schematically in Figs. 6-8. This system is made up of Camac 

digitizer modules (1 for each 4 position-sensitive detectors or 1 for each 8 

standard detectors), a special Camac auxiliary-crate-controller module, a 

custom-designed Histogram Accelerator Multibus board coupled to a Multibus 

memory array, and a microVax computer also coupled to the Multibus and to a 
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Fig. 5 Block diagram of the GLAD data acquisition system. 

Camac crate controller. The microvax computer is also attached to an Ethernet 

network allowing data files to be sent to other computer systems for analysis. 

Camac Digitizer Modules 

The Camac digitizer modules (Fig. 6) are custom designed for the particular 

detectors being used and use a standard Camac interface design. The position- 

sensitive-detector modules currently in use with FASTDAS can each encode four 

separate detectors concurrently. “Flash” analog-to-digital converter chips are 

used to provide rapid encoding. The precision limits of available converters 

(0.5 bit in 8 bits) result in roughly + 10 percent variation in the encoded 

position-channel widths, but this does not pose a serious problem and is 

accounted for in the calibration process. These modules contain built-in 

first-in-first-out (FIFO) event buffers with depths of 1024 events, each event 

made up of 8 bits of detector element ID (encoding 64 positions along each of 

four detectors) and 16 bits of time information. When an event is stored in 

the module FIFO the look-at-me (LAM) signal for that module is raised to 

indicate that that module requires service. The encoding of an event by one of 

these PSD modules occupies only the detector producing the event and the chain 

of encoding electronics (“encoding-path”) associated with that detector, and 

requires a deadtime on that encoding-path of 8 usec. Thus each detector is 

completely independent as far as deadtime is concerned, and that coupled with 

this fast encoding means that the system can handle quite high instantaneous 
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Fig. 6 Schematic representation of the position encoding for one PSD at GLAD, 
including the detector, preamplifiers, and one of four encoding-paths in a PSD 
digitizing module. Also shown are the points at which test pulses from pulse 
generators can be injected for calibration purposes. The digitizer module also 
provides “offset” and “span” adjustments, but these have been omitted from the 
drawing for clarity. 

data rates without significant deadtime losses. (The projected maximum 

instantaneous rate per detector of 50000 n/sec/det would lead to deadtime 

corrections of - 40 percent, which is not acceptable. This rate is expected to 

occur only in rare cases, and then only over a limited time range, but even so, 

some development efforts will be directed toward reducing this encoding 

deadtime.) 

A useful feature of the PSD digitizing modules is a software-selectable 

option which allows them to collect data in a 64-channel pulse-height mode for 

each detector, rather than the usual 64-position mode. This feature greatly 

facilitates the initial adjustments of the PSD modules and the monitoring of 

the subsequent performance of individual detectors and encoding-paths (see 

below). 

Camac Auxiliary-Crate-Controller 

A specially designed auxiliary-crate-controller module (Fig. 7) has been 

built to scan the 20 digitizer modules within the crate at a 1 MHz rate. When 

the controller finds a LAM set it transfers one data word from the digitizer 

module FIFO to its internal FIFO. This internal FIFO has a depth of 16384 

32-bit “events”. In addition to the time and element ID from the module, the 

controller stores the crate and slot number of the module in its FIFO. Thus 
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Fig. 7 Block diagram of the Camac auxiliary-crate-controller used with the 
FASTDAS system. 

the controller FIFO contains 16 bits of ID and 16 bits of time for each event. 

A 32-bit event is supplied from the controller FIFO to the Histogram 

Accelerator when requested by the latter. 

With each module being scanned every 20 usec the average data rate per 

Camac module is limited to 50 kHz or 1666 events per IPNS pulse. Since each 

module contains a 1024-event FIFQ the peak data rate per module can be much 

higher, limited by the module and detector deadtime for a burst of at least 

1024 events. 

Histogram Accelerator 

The FASTDAS Histogram Accelerator (Fig. 8) is a hardware device which 

contains fast HAM-based lookup tables, adders, and read-increment-write logic 

for the Multibus memory. This device is implemented on a single Multibus 

board. All HAM memory on this board is loadable from the microvax computer 

through the Multibus address space. Using the configuration shown in the 

block diagram the Histogram Accelerator can duplicate nearly all the features 

of the software-controlled histograming system presently in operation at 

IPNS,2’3 including multiple histograming of each event, rapid switching between 

histograms for real-time measurements, flexible choice of time channels and 

detector element grouping, and on-the-fly time focusing. The focusing feature 

is not currently intended for use with GLAD, but has been designed in so the 

FASTDAS system can be used on other IPNS instruments as well. 

At the start of a histograming cycle, the Histogram Accelerator requests a 

32-bit event from the Camac auxiliary-crate-controller FIFO. The 16 bits of 



438 GLAD instrument at IPNS 

Fig. 8 Block diagram of the FASTDAS Histogram Accelerator. The focus and time- 
delay options are not intended for use with GLAD, but are included for compatibility 
with other IPNS instruments. 

detector-element ID in this event address a 64 kword lookup table (“start 

address” table) which contains the “starting addr-ess” of the time histogram for 

that detector element. This “starting address” is the upper 16 bits of a 

24-bit address, so each time histogram must start on a 256-byte boundary. The 

16 bits of element ID also address a 64 kword lookup table (“histogram type” 

table) which is used to select different binning algorithms from the time- 

binning (“time format”) table. This histogr-am type table also contains flags 

indicating whether data from this ID are to be binned, whether each event from 

this ID is to be binned in more 

time focusing” is to be applied to 

The 16 bits of time data first 

“constant delay” register - set 

than one histogr-am, and 

events from this ID. 

whether “on- the-fly 

has a constant added to it (contents of the 

to 0 for GLAD) and, if time-focusing is 

enabled, is multiplied by a constant obtained from a 64 kword lookup table 

(“time focus” table) addressed by ID. This result is then used to address a 

lookup table (“time format” table) which contains the various binning 

algorithms, using 64 kwords per algorithm with a maximum possible 1 Mwords or 

16 algorithms. Each algorithm in this table provides a channel offset number 

for each 16-bit “modified time value” input to it. A lookup value of zero in 

this table indicates that the time is out of range and therefore should not be 

histogramed. This scheme provides complete flexibility in time-binning, 

permitting conversion of the raw time information to varying numbers of 

channels per time-histogram and different channel widths at different time 

values. 

If the event is to be histogramed, the address of the 32-bit totalizing 

counter (which is the time-histogram starting address for this ID), is 

incremented first. Then the address calculated by adding the channel offset 

number obtained from the time format table is also incremented. A jumper- 
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selectable option allows the histograming to occur in either 16-bit channels or 

in 32-bit channels. In the 16-bit case, any overflows which occur because of 

these increments will be recorded in a FIFO (not yet implemented), and attached 

to the data set when’it is read out by the microvax. 

Once the Histogram Accelerator has completed all required histograming for 

this event it immediately requests another event from the auxiliary-crate- 

controller FIFO, so the Histogram Accelerator is the controlling factor in the 

overall histograming rate. The table lookups and memory incrementing are 

limited mainly by the Multibus access time and the memory cycle time of the 

Multibus memory used. With the current 400 nS cycle time memories, a time- 

averaged histograming rate of over 300 kHz has been measured. This is already 

close to the estimated maximum rate of 450 kHz for GLAD, and so should be 

adequate for some time to come. (Two such systems could be used to double the 

histograming rate if necessary.) The Histogram Accelerator has the capability 

of multiplexing data from eight Camac auxiliary-crate-controllers, thus 

allowing for a total of 160 digitizing modules (640 linear PSDs) in a system. 

Multibus System 

The Hultibus system is of the same type as is currently used in the other 

IPNS data acquisition systems. 2,3 The Multibus has 24 memory address lines 

which allows for the addressing of up to 16 Mbytes of memory (1 “Mbyte” is 

really 2 20 or 1,048,576 bytes). Of this 16 Mbytes, 1.5 Mbytes are needed to 

address the Histogram Accelerator lookup tables (nearly 3 Mbytes are used for 

these tables, but since word-addressing is used on the Histogram Accelerator 

board this requires only 1.5 Mbytes of Multibus “address space”), thereby 

leaving 14.5 Mbytes available for histogram data. Multibus memory, including 

the lookup tables on the Histogram Accelerator board, is accessible by the 

microvax-to-Multibus interface which can address all 24 bits of address space. 

This interface is nearly the same as that currently used with the PDP computers 

on the other IPNS instruments, 2 requiring only minor switch-selectable 

modifications. However, the software driver for this interface had to be 

modified for use on a microvax. 

MicroVax-to-Camac Interface 

Unlike the microprocessor-based system used on other IPNS instruments, the 

FASTDAS Histogram Accelerator issues no commands to the Camac system. Instead, 

a microvax-to-Camac interface has been included to provide the capability to 

initialize Camac modules and control data acquisition directly from the 

microvax. Since there are no speed dependent functions which must occur via 
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this link, this interface is via an RS-232 Camac crate controller for 

simplicity. 

PSD Adjustment, Calibration, and Monitoring 

With such a large number of detectors, an efficient calibration procedure 

and the associated hardware and software features to facilitate calibration and 

to ensure the reliability of this calibration are very important. In 

developing these, we have benefited considerably from the previous experience 

with PSDs at the University of Missouri 
4 

and at IPNS. 

A number of hardware features intended to aid in PSD adjustment, 

calibration, and monitoring have been incorporated into the GLAD system from 

the outset. Two of these, the position calibration mechanism which is an 

integral part of each detector module and the pulse-height data acquisition 

mode for the PSD digitizer modules, have already been noted above. In 

addition, separate power supplies have been provided for the upper (A) and 

lower (B) banks of preamplifiers, allowing either bank to be turned on or off 

independently and remotely; test-pulse input points are connected to each A and 

B preamplifier; and programmable tail-pulse generators allow independent 

injection of test pulses of known amplitudes into either the A or B (or both) 

banks of preamplifiers. The procedures for PSD adjustment, calibration, and 

monitoring based on these hardware capabilities (and correspondingly developed 

software) are outlined briefly below. With all these features in place, the 

operation and maintenance of the - 450 detectors encoded into - 29,000 position 

elements should be relatively painless and quite reliable. 

Initial Adjustment Procedure for Camac PSD Digitizing Modules 

This procedure must be carried out whenever a new detector, preamplifier, 

or PSD digitizing module is installed, but need be repeated only infrequently 

otherwise. These steps can be followed concurrently for any number of 

detectors. First the gains must be set and balanced for the A and B signals 

for each detector. This is done with the detectors illuminated with neutrons 

from a strongly scattering sample placed in the beam or from a PuBe source 

placed in the sample position or near the detectors. First, only the A 

preamplifiers are powered, the PSD modules are operated in pulse-height mode, 

and the gain of each input is adjusted to give the desired pulse-height 

spectrum. The same is then done with only the B preamplifiers powered. Next, 

both A and B preamplifiers are powered with the PSD module still in pulse- 

height mode, and the lower discriminator levels are adjusted to cut off the 
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pulse height spectra at the desired level (upper discriminator levels are not 

adjustable). An example of such pulse height data at this stage is shown in 

Fig. 9. Finally, the PSD modules are switched to position mode and position 

spectra are acquired with the absorbing bar in two different locations (-l/4 

and -3/4 of the detector length) between the neutron source and the detectors. 

This last step is repeated while adjusting the “Offset” and “Span” controls on 

the PSD modules until the bar shows up in the same position channels on all 

detectors. Figure 10 shows such position calibration data for several 

detectors for one position of the absorbing bar. These data were collected 

before the final “Offset” and “Span” adjustments had been completed, so some 

unused channels occur at each end of the range and the absorbing bar does not 

appear at quite the same channels for each detector. 

9 0 I I 
‘ 

1 I I I 
0.0 8.0 16.0 24.0 32.0 40.0 48.0 56.0 E 

Pulse Height (Channel) 
r.O 

Fig. 9 Pulse-height data simultaneously collected from four different detectors, 
using a PuBe neutron source, after the initial PSD adjustments have been 
performed. These variations among detectors are typical. 
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Fig. 10 Position data simultaneously collected from four different detectors, using 

a PuBe neutron source, after the initial PSD adjustments have been performed but 

before the final “Offset” and “Span” adjustments have been completed. The 

absorbing bar was positioned in front of the detectors, and its shadow is seen to be in 

nearly the same position on all four detectors even though the adjustments were not 

yet complete. The variation of intensity with channel for channels away from the bar 

position is due to irregularities in channel widths introduced by the limited precision of 

the analog-to-digital converters. 

Determination of the Absolute Channel-to-Position Mapping 

This needs to be done after the initial adjustment, and repeated only 

occasionally as a check against drifts. This procedure requires a smoothly- 

varying known distribution of neutrons (a uniform distribution is best), which 

can again be provided by a strongly scattering sample in the beam or by a PuBe 

source at the sample position. It is necessary to record position spectra in 

all detectors with the absorbing bar in several different known positions. 

These data are fit to determine the detector resolution and the positions 

corresponding to the boundaries of each position channel for each detector. 

These results are then stored in an instrument calibration file, for subsequent 

use by the data analysis routines as noted below. 
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Automatic Monitoring of Calibration Drifts 

No neutrons are needed for this. Before the automatic monitoring can be 

implemented, it is first necessary to provide an information base for this 

purpose. This can be generated with only a minimum of manual intervention, and 

should be done immediately following the initial adjustment procedure. The 

first item in this information base is a record of all the individual encoding- 

path gains (each end of each detector). This is obtained by powering each 

preamplifier bank (A or B), one at a time, injecting test pulses of known 

magnitude, and recording the pulse-height channels which accumulate these 

pulses for each detector. The second item is a record of discriminator 

settings for each detector. To obtain this, both preamplifier banks are 

powered, test pulses spanning a range of amplitudes are injected into one 

preamplifier bank, and for each detector the lowest test-pulse amplitude which 

is accumulated is recorded. The third and final item is an indication of the 

relative position mapping for each detector. This is obtained by powering both 

preamplifier banks, injecting test pulses of different known amplitudes into 

banks A and B, and recording for each detector the position channels into which 

these events are accumulated. This provides a record of the overall position 

mapping. 

Once this information base is available, it can be used to test 

automatically all the detectors and encoding electronics to ensure that no 

drifts have occurred since the initial calibration. The basic test is a repeat 

measurement of the relative position mapping data (the third set of 

measurements in the information base), comparing the results with the values 

recorded in the information base for each detector. If further information is 

desired, either or both of the first two sets of measurements in the 

information base can be repeated and the results compared with the values 

previously recorded. All of this can be done automatically in a relatively 

short time with no user intervention, and so can be included as part of a 

standard startup procedure at the start of each run or other suitable interval. 

If any values have shifted by more than the allowed limits, the user can be 

warned and any other desired action (such as refusing to start the run) can be 

taken. 

Data Handling and Analysis 

Data Collection Strategies 

The philosophy for the initial data analysis assumes elastic scattering, 

i.e., kI = k. = 211//x. Inelasticity effects are considered as a correction to 



444 GLAD instrument at IPNS 

be made later. We consider two types of sample. The simpler case is an 

isotropic sample, for which data are required only as a function of the scalar 

variable. 

Q = * sin 8 
x (3) 

where 28 is the scattering angle between incident and scattered wavevectors. 

The more complicated case is that of a full three-dimensional structure, e.g., 

of a single crystal or of a bulk glass or- film with orientational effects. In 

this case the data are required as a function of the vector variable 

Q = “;t (1 - COS q COS +, - COS + sin 9, - sin *) (4) 

where JI and $ are polar coordinates of a detector element (see Fig. 11). These 

are related to 8 by 

cos28 = cos$cos+. (5) 

Fig. 11 Geometry for data analysis. 

The data must be hiscogramed so as to meet the requirements that (a) the 

size of the data sets is manageable, (b) the channel widths in both time and 

angle do not make a significant contribution to the experimental resolution, 

and (c) the outcome of the experiment should be as insensitive as possible to 

failure of single components. As is usually the case, these requirements are 

not strictly compatible: (b) and (c) would dictate that each vertical element 

in each detector is binned into a separate time histogram, but as noted earlier 

this requires on the order of 60 Mbytes per measurement, which exceeds the 

available memory on the present sys tern and in any case would be unmanageably 

large. Some compression of the data must therefore be made on line in order to 

stay within the memory limits and also to keep the data sets to a reasonable 
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size. For example, it would be convenient to be able to store onto a single 

magnetic tape the output from a series of, say, eight samples inserted into an 

automatically cycling sample changer, which implies a maximum of around 15 

Mbytes per sample; and even smaller sets would further simplify the tasks of 

data transfer, analysis, and archiving. 

For the case of isotropic samples, the obvious way to compress the data at 

collection time is to bin the detector elements into a histogram of scattering 

angle 2$ c A0, with events from all elements lying within this angular range 

being binned in a single time histogram. The bin width 2A8 will then introduce 

a contribution of 0.68 A0 cot 0 into the FWHM AQ/Q resolution. Choosing these 

bin widths to make this contribution somewhat smaller than the calculated AQ/Q 

resolution due to other geometrical effects in the present design requires - 

315 26 channels to cover the entire angular range (0.3’ to 90”). 

Actually, this mode of histograming provides more compression than would be 

required initially at data collection time. Thus it is proposed that during 

the data collection the elements’contributing to a given 20 bin be grouped with 

a separate time histogram for each set of such elements arising from the same 

detector (or small subset of the detectors). Advantages of this are: (a) 

deadtime corrections can be readily applied since, in a given detector, these 

depend on the count’rate up to that time over all elements in the detector; (b) 

a faulty detector may be dropped without jeopardizing the whole 20 bin; (c) the 

variation in flight path length is greatly reduced if only elements in a single 

detector are involved, so this contribution to the resolution is minimized; and 

(d) the same conceptual scheme (but with different grouping to provide the 

desired coverage of +,$I space defined in Fig. 11) may be used for anisotropic 

samples. 

Calibration Procedure 

For a neutron travelling a total path length L and detected at time t from 

its point of origin, the wavelength can in principle be determined from 

x=ht 
mL * (6) 

In practice, the neutron production and moderation processes make it impossible 

to determine t and L absolutely. Ikeda and Carpenter’ developed detailed 

descriptions of the time distributions of neutron emission from the moderator. 

In the Ikeda-Carpenter description the emission time te, which is the delay 

between the time origin (the “to pulse” at IPNS) and the mean of the time 

distribution for emission of neutrons of wavelength X, can be written as 
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t 
e 

= to + 3mX/hC(X) + exp(-Az/A2)/(Z (7) 

where t is 
O l/2 

a fixed time-triggering offset, 

(h’/PmEo) 

T(X) = (Sl + s*X2)1’2, io = 

, and s 
1’ s2’ 

Eo and 6 are constants defined by Ikeda and Carpenter 

and subject to measurement for a particular moderator. For a neutron recorded 

in a time channel centered at a time t’ relative to the time origin, Eq. (6) 

must thus be replaced by 

X = h 
It’ - to - 3mX/hC(X) - exp(-$/X2)/@] 

mL (8) 

(or by a corresponding equation if a different formulation is used to represent 

the emission-time delay). 

Sinclair, Tasker, Clare, and Wright6 describe the procedure for determining 

L and to for a given detector element. This procedure involves the careful 

measurement of powder diffraction patterns from known samples as well as the 

use of a series of sharp wavelength markers, such as resonant absorbers, 

single-crystal Bragg reflections, or polycrystal Bragg edges, in the incident 

beam. The GLAD incident beamline will include provision for easy insertion of 

such filters for calibration. 

In determining the angle * for each detector element, the absorbing bar 

calibration procedure described above is used to obtain values z(C,m) for the 

height (above or below the instrument midplane) of each element (m) in each 

detector (e). The angle +(i?,m) is then given by 

*(e,m) = tan 
-1 

( 
z(e m) - - 
L,(f) 1 

where L,(f_) is the distance from 

detector on the instrument midplane, 

construction of the flightpath. The 

L(C,m) = [$ + L,(L)1 + IL;(L) 

The set of quantities (to, sl, 

stored on the microVax as the basic 

(9) 

sample center to the center of the Qth 

which is determined by measurement after 

value of L(P,m) is then obtained from 

+ z2(&m)l 
l/2 

- L2(0 (10) 

s2r Ear 6, Mt.), LU-,m), HC,m)l will be 

calibration file for the instrument. It 

should be updated periodically to allow for changes in detector calibration, 

changes in moderator properties, changes in geometry due to shifts in the 

floor, and other factors which alter with time. 



GLAD instrument at IPNS 447 

Data Analysis 

In a given run, an intensity histogram I(.e,k,n) is measured as a function 

of detector (.F_), angle group (k), and time channel (n). Each I(e,k,n) will be 

affected by deadtime, the effect being related to the count rate in the 

preceeding time channels summed over all elements for that detector. Since the 

deadtime will have a fixed value (8 Wsec) which has been set in the electronics 

design, the effect can be calculated to give a deadtime-corrected histogram 

Ic(.&k,n). The wavelength X(k,m,n) associated with each time channel for each 

detector element can be determined by iteratively solving Eq. (8) for a given 

time-histogram setup. These results can then be averaged to provide an average 

wavelength X(.t,k,n) for each detector, angle group, and time-channel 

combination. A typical experiment includes a number of runs measuring samples, 

backgrounds, empty containers, and vanadium for nor,malization, leading to a 

“primary” data set consisting of 

s1 = (Icl(&k,n),..., Icp(e,k,n),x(e,k,n),B(e,k),b(e,k)) (11) 

where the indices 1 . ..p extend over all the runs in this experiment. 

For isotropic samples, it is not necessary to retain the identity of the 

detector, so the histograms can be summed over e to give Ic(k,n); similarly, 

the G(k) and X(k,n) can be obtained by appropriate averaging. The “secondary” 

data set for isotropic samples can then be taken as 

s2 = (Icl(ktn),..., Icp(k,n), Wc,n), WI1 (12) 

This can be expected to be the level at which most users will transfer their 

data. 

In the final stage of analysis, all the remaining corrections must be 

considered, including multiple scattering, absorption, background and container 

partially debugged, and hope to begin commissioning of this instrument in 

earnest at that time. We have also received the soller collimators (Cidic, 

Ltd., Cheltenham, England) and hope to install them, along with some additional 

incident beamline components, later this fall. We will then be able to test 

essentially the complete incident beamline (excluding choppers) to be used on 

the final version of the instrument. 

The design is nearly complete for the final version of the GLAD scattered 

flight path. We hope to have this flight path built, and to provide enough 

detectors and electronics for two more detector modules to go with this path, 

during the coming year. At the same time, we are beginning to develop the 
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ancillary devices, such as cryogenic and high-temperature environments with 

sample changers, necessary for the performance of quality science at such an 

instrument. Thus by the end of 1989 the final version of GLAD should be in 

place with a complement of -160 detectors, and should be beginning 

commissioning. This detector complement should be adequate for many of the 

envisioned scientific problems, and we expect scientific research on GLAD to 

begin on a routine basis in 1990, although the choppers for elastic scattering 

studies may not yet be in place at that time. Additional detectors will be 

added as funding permits until the full complement of -450 detectors is 

reached. 

The data acquisition system is close to meeting the design goals set forth 

earlier in this paper, but several additional development steps remain to bring 

the final instrument up to its ultimate level of performance. New 

preamplifiers must be developed to improve the PSD position resolution while 

retaining or increasing the encoding speed. The present resolution is - 1.6 cm 

FWHM, while a resolution of - 1 cm is desired. We would also like to develop 

faster encoding (preamplifiers and/or digitizing modules) to reduce the 

deadtime below the present 8 usec per event per detector, to reduce deadtime 

losses to acceptable levels at the estimated maximum instantaneous data rates. 

The 300 kHz histograming speed is already adequate for all but the most 

demanding situations anticipated, but may need to be increased somewhat by the 

time the full complement of detectors is installed. It would be desirable to 

develop software techniques to reduce the time required to calculate and 

download the histograming tables and start a run, since with the present 

software this can be several minutes per time-binning table if many channels 

scattering, and Placzek corrections. These depend on both X and 8. Routines 

used at this stage will be similar to those currently in use for glass data 

from SEPD and GPPD at IPNS. The final data set for isotropic samples then has 

the form 

s3 = (I,(j),...,Ip(j),Q(j 

where the index j runs over all the Q bins used in this analysis. 

Status and Results 

13) 

The temporary flightpath for GLAD was installed in May, 1988, allowing data 

collection for - 2 weeks before the summer shutdown of IPNS (only 12 of the 55 

detectors were in place for this period). During this running period we were 

able to perform the initial PSD adjustments (see above and data in Figs. 9-10) 

and to verify that the FASTDAS system, the position and time encoding of the 
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the PSDs, and the basic microvax data acquisition software all worked 

satisfactorily. We also confirmed that the PSDs could be operated 

satisfactorily in line with the direct beam, with the beam being attenuated 

only by a 2.5 cm thick B4C/epoxy “beam attenuator” directly in front of the 

detectors. Detector recovery problems were apparent at times shorter than 500 

us after the prompt pulse, but recovery was nearly complete by 500 us (which is 

the time-of-flight for 0.19 A neutrons). Figure 12 shows time-of-flight data 

from the individual segments for the detector centered on the beam. These data 

were collected while there was still a significant amount of air in the 

scattered flight path, and so show a strong air-scattering background 

reflecting the spectral shape of the incident spectrum. The shadow of the beam 

attenuator is clearly evident in this figure. 

GLAD0033,RUN DETECTOR 1 

Fig. 12 Example of initial time-of-flight data from a single detector (64~segments) 
with the GLAD temporary flight path. A strong background at short times is seen, 
while the spectral features at longer times are primarily due to neutrons scattered 
from residual air in the flight path, and reflect the incident neutron spectrum. This 
detector was centered on the neutron beam, with the beam being attenuated only by 
the “beam attenuator”. No adverse affects from this beam loading are seen at times 
> 500 ps, but the beam attenuator is clearly seen as a shadow in the air-background 
scattering. 
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The limited amount of running time did not 

study, but did pinpoint a number of potential 

modifications were made during the summer, which 

permit a thorough background 

problems. Several shielding 

should reduce the background 

from some of these sources. During the summer, we also installed the 

additional detectors and electronics to bring the single detector module up to 

its full complement of 55 detectors. Thus we will to begin the Fall, 1988, 

running period with the temporary instrument version fully assembled and 

and a long time range are used. We would also like to reduce the time required 

to save data to a file, since this can be significant for the large data sets 

contemplated. Because of the size of the run files, we will also need to 

develop new techniques for archiving of run files and/or partially reduced 

I( 8, X) data. We expect that most of these problems will be solved by the time 

the final flight path is installed. 

A significant remaining problem is background, particularly the background 

at short times which is so evident in Fig. 12. Much of the running time with 

the temporary flight path is expected to be devoted to the development of 

effective techniques for background reduction. 
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Workshop summary on inelastic and elastic 
scattering 

R. K. Crawford 
Argonne National Laboratory 
Argonne, Illinois 
USA 

This workshop session was designed to be non-selective in subject matter, but with 
an emphasis on description of scattering instruments (as opposed to instrument 
components or data analysis). As such, it attracted a large number of papers. To 
accommodate these papers, the workshop format was abandoned to a large extent, 
discussion periods were limited, and the session was run primarily as a formal 
presentation session. Even with these restrictions, the presentations carried over 
through the first thirty minutes originally scheduled for the following session. 
Although this arrangement was more formal than originally intended or desired, it did 
provide an opportunity for presentation of a wide variety of topics at an early stage of 
the conference, which it is hoped stimulated subsequent private discussions. 

The first presentation was by Andrew Taylor, who discussed the status and 
performance of the ISIS inelastic instruments: HBT (high-resolution high-energy 
chopper spectrometer), TFXA (crystal analyzer spectrometer), IRIS (high-resolution 
backscattering spectrometer)-all of which are operational and regularly scheduled, 
and EVS (electron-volt resonance spectrometer), PRISMA (multi-angle crystal 
analyzer spectrometer for single-crystal excitation), and MAR1 (multi-angle chopper 
spectrometer), all of which are in various stages of development or construction. 
Details of these instruments are provided in the paper, “Developments in Inelastic 
Instrumentation at ISIS” by A. D. Taylor, C. J. Carlile, 2. A. Bowden, M. Hagen, 
R. S. Holt, J. Mayers, R. Osbom, U. Steigenberger, Y. Todute, J. Tomkinson, and 
W. G. Williams in these proceedings. 

Next, Masa Arai discussed the new chopper spectrometer INC under construction at 
KENS. Despite the severe spatial constraints imposed by adjacent instruments and 
the intensity limitations of the KENS source, Masa estimated that when completed, 
this instrument will provide an intensity similar to that of HBT at ISIS, while 
having an energy resolution that is only 1.5 times that of HBT. This instrument is 
described in detail in the paper “Chopper Spectrometer at KENS” by M. Arai, in 
these proceedings. 

Rob Robinson discussed the kinematics and resolution of a chopper instrument for 
Brillouin scattering at relatively high neutron energies. These kinematics impose 
severe constraints upon an instrument designed for this purpose and, in particular, 
require very small scattering angles. The chopper spectrometer PHAROS being 
designed at LANSCB is intended to operate at scattering angles down to 0.5” both to 
cover this Brillouin-scattering regime and to serve as a more general-purpose chopper 
spectrometer. This work is presented in the paper “On the Kinematics and 
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Resolution of Spectrometers for Neutron Brillouin Scattering” by R. A. Robinson, 
in these proceedings. Details of the PHAROS chopper spectrometer can be found 
elsewhere in these proceedings. 

Following Rob’s paper, Peter Egelstaff presented some general comments on 
Brillouin scattering and showed some low-energy Brillouin scattering data he had 
recently collected. This experiment and data have been submitted for publication 
elsewhere (“Neutron Brillouin Scattering in Dense Nitrogen Gas” by P. A. Egelstaff, 
G, Kearlye, J. B. Suck, and J. P. A Youden), and so will only be summarized here. 
Peter suggested that there are three distinct regimes for neutron Brillouin scattering: 

(a) y - 5 A, for which a reasonable instrument can be made by placing the ILL 
Dll area detector in the forward-scattering direction at the ILL IN5 
instrument. This can be used to study systems with sound velocities -600 
m/s. 

(b) y - 2 A, for which a reasonable instrument could be made by placing the 
ILL D17 detector system (detector and movable mount) on the ILL IN4 
instrument. This could be used to study systems whose sound velocities are 
-1000 m/s. 

(c) y - 0.65 A, which would require modifications of the HET instrument at 
ISIS to achieve the small scattering angles necessary. This regime, which 
could presumably also be studied by the PHAROS instrument at LANSCE 
when it comes on line, is appropriate for the study of systems with sound 
velocities -4500 m/s. 

If a minimum scattering angle of 1” can be achieved in each case, the & is -0.02 
for case (a), -0.05 for case (b), and -0.15 for case (c). Peter and collaborators 
managed to convince the ILL management to make the instrument rearrangement 
necessary to achieve case (a). The IN5 chopper system produced a neutron beam with 
-lOO+teV bandwidth and 0.5” collimation. The 65 cm x 65 cm area detector from 
Dll was centered on this beam at a distance of 4 m downstream from the sample. 
Figure 1 shows typical Brillouin scattering data they obtained from N2 gas at two 
different pressures, and Fig. 2 summarizes the dispersion relations measured for the 
two gas pressures. This experiment shows that good Brillouin scattering data can 
indeed be generated, at least in the low energy case, if an instrument can be 
configured to provide low-background data at sufficiently small scattering angles. 
Extension of the technique to the higher energy cases awaits the development of new 
instruments, such as PHAROS, or the modification of existing instruments, such as 
those indicated in cases (b) or (c) above. 

This Brillouin-scattering discussion was followed by John Copley’s presentation of 
techniques for improving the intensity transmitted through a disk-chopper system on 
a neutron guide. In particular, John discussed the gains that might be achieved by 
using multiple-slot disk shippers and presented an analysis of some of the problems 
that are unique to such multiple-slot choppers. This work can be found in the paper 
“The Effects of Chopper Jitter on the Time-Dependent Intensity Transmitted by 
Multiple-Slot Multiple Disk Chopper Systems” by J. R. D. Copley in these 
proceedings. 



Inelastic and elastic workshop summaly 453 

Fig. 1 Typical Brillouin scattering data (from Peter Egelstaff). Circles are data at 
y = 4.7 A and a gas pressure P = 51 MPa. Triangles are for y = 6.0 A and P = 27 MPa. 

Nitrogen Gas - 12 t-r runs - Scattering angle 2.8 degrees 

0.0!5 0.x) 

Q Civerse Angstroms) 

15 

Fig. 2 Dispersion relations in dense N2 gas (from Peter Egelstaff). Circles are for 
P = 51 MPa and triangle are for fP = 27 MPa. Lines are extrapolations of the sound 
velocity relations for these pressures. 



454 Inelastic and elastic workshop summary 

Susumu Ikeda then indicated how the complementary techniques of resonance 
absorption of eV neutrons by the sample and resonance detection of eV neutrons 
scattered by the sample could be used to determine the kinetic energy of each of the 
individual types of atoms in a multi-component system. The method was illustrated 
by data obtained on the RAT instrument at KENS for the high-temperature 
superconductors La&uO., and YBazCu307. The techniques and results can be found in 
the paper “Application of eV Neutron Scattering and eV Neutron Absorption 
Techniques” by S. Ike& in these proceedings. 

Alan Soper discussed the current performance of the liquid and amorphous materials 
diffractometer (LAD) at ISIS. He then described the SANDALS instrument being 
constructed at ISIS and discussed the features of SANDALS that should make it 
much better than LAD. SANDALS will use the new ZnS scintillator detectors being 
developed at ISIS to cover a much greater angular range than in LAD; it will also 
have much greater data rates than those of LAD. These instruments are described in 
the paper “Future Perspectives of Liquids and Amorphous Materials Diffraction at 
ISIS” by A. K. Soper in these proceedings. 

Michihiro Furusaka outlined one alternative being considered for small-angle 
scattering instrumentation at the proposed new Japanese pulsed-neutron source KENS 
II. This alternative involves two instruments: an 11-m flight path medium- 
resolution instrument, (Qmi, = 0.006 A-l), and a 40-m flight path high-resolution 
instrument, (Qti = 0.002 A-l-1). 

Finally, Rex Hjelm discussed the important features of the newly developed user- 
interface software for the LQD small-angle diffractometer at LANSCE. This 
comprehensive software package provides for on-line assessment of the data, data 
reduction in absolute units, basic data manipulation and analysis procedures, and 
corresponding graphic representations-all within a user friendly framework. This 
system is described in the paper “Time-of-flight Small-Angle-Neutron-Scattering 
Data Reduction and Analysis at LANSCE with Program SMR” by R. Hjelm in these 
proceedings. Rex’s paper served as a natural lead into the following workshop 
session on detectors and data acquisition. 
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Monte Carlo simulation of the LANSCE 
target/moderator/reflector/shield geometry 

H. G. Hughes, III 
Group X-6, MS B226 
Los Alamos National Laboratory 
Los Alamos, NM 87545 

ABSTRACT: We present a detailed computer model of the existing 
LANSCE Target/Moderator/Reflector/Shield system. We describe 
the HETC/MCNP Monte Carlo code system used with this model, 
and we introduce a calculation designed to make comparisons with 

experimental results. 

Introduction 

The Target/Moderator/Reflector/Shield’ (TMRS) system of the Los Alamos 

Neutron Scattering Center2 (LANSCE) has been extensively described in the 
meetings and Proceedings of the International Collaboration on Advanced Neu- 

tron Sources. This paper presents a detailed computer simulation of the TMRS 
geometry and describes Monte Carlo particle transport calculations using this 
simulation. The purpose of this investigation is twofold: we wish to compare 
calculated fluxes in the flight paths to experimental measurements; and we 
wish to have available a standard Monte Carlo model both for parameter stud- 
ies of the existing LANSCE facility, and for accurate studies of possible future 
modifications and upgrades.3 

The HETUMCNP Code System at Los Alamos 

Our computational tool for these calculations is the HETC Code System,4 
the Los Alamos version of a computer program for the transport of nucleons, 

pions, and muons, based on the high-energy Monte Carlo code HETC,5 origi- 
nally developed at Oak Ridge National Laboratory (ORNL). The HETC code 

uses the Monte Carlo intranuclear cascade model of Bertini and the evapora- 

tion model of Dresner to describe the physics of nuclear interactions. Parti- 
cles are transported between interactions through material and void regions in 
space, as defined with three-dimensional general geometry, with charged parti- 
cles losing energy according to the continuous-slowing-down model. In the Los 
Alamos version, the geometric transport capability is that of the continuous 
energy neutron/photon Monte Carlo code MCNP.6 HETC currently includes 
as user options two models for fission induced by high-energy interactions: the 
ORNL model by Alsmiller and others,7 and the Rutherford Appelton Labora- 
tory (RAL) model by Atchison.” 
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The philosophy of the HETC code is to treat all interactions by protons, pions, 
and muons within HETC, but to treat neutron interactions only above a cutoff 
energy, typically 20 MeV at Los Alamos. Any neutron emerging from a reaction 
with energy below the cutoff has its kinematic parameters recorded on a neutron 
file for subsequent transport by a Monte Carlo code utilizing ENDF/B-based 
neutron cross-section libraries. At Los Alamos, a version of MCNP modified 
to accept the neutron file as an input source is used to complete the particle 
transport; at other installations, the MORSE code is often used. 

Calculational results from the MCNP phase of the computation can be obtained 
directly from the standard MCNP tallies, and a number of modified output 
edits appropriate to accelerator problems have been provided. In addition, 
both HETC and MCNP can write history files containing a (nearly) complete 
description of events occurring during the computations. Edited tallies of the 
initial HETC run, the subsequent MCNP run, or both runs in combination are 
obtained by using the HTAPE code to process data recorded on the history files. 
The edit options available with HTAPE include surface current and flux, cell- 
averaged neutron flux, particle production spectra, residual mass production 
and mean excitation, energy deposition by cell or material, mass-energy balance 
by cell or material, pulse shape analysis of surface current, gas production by 
cell or material, and global emission spectrum recorded in polar and azimuthal 
bins. 

The MCNP phase of the computation can be executed as a coupled neu- 
tron/photon problem; however, obtaining a photon source from the high-energy 
interactions computed by HETC requires executing the PHT code. PHT ac- 
cepts the history file as input and produces a gamma file containing a photon 
source for MCNP in the same format as the neutron file. In the current ver- 
sion, the gamma source arises from two processes: 1) decay of neutral pions 
produced in the intranuclear cascade and 2) de-excitation of residual nuclei 
after particle evaporation. 

The neutron file and the gamma file can be merged to serve as a source for 
MCNP in a coupled neutron/photon problem that describes the transport of the 
entire gamma-ray source in the system. Alternatively, the two source files can 
be processed separately to analyze the effects of gammas arising from the high- 
energy interactions, and the effects of gammas arising from neutron-induced 
reactions (below 20 MeV). 

HETC can also be used to compute cross sections directly. With this option, the 
transport is turned off and the primary particle is assumed to interact directly 
with the specified material at the incident energy. The resulting history file 
is then processed with the XSEX code to generate double-differential particle 
production cross sections. Tabulated and plotted output of the generated cross 
sections is available. 
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It is well known that the intranuclear cascade model, which provides the princi- 
pal nuclear physics description for HETC, does not reproduce particularly well 

the angular spectrum for production of secondary particles observed in exper- 

iments. Nevertheless, the choice of HETC is dictated by its three-dimensional 

capability and its self-contained physics models. HETC is not dependent on 

the availability of complete nuclear physics data libraries. Undoubtedly, we 

could obtain more reliable results if we had extensive evaluated nuclear data li- 

braries combining known experimental data with the most sophisticated model 
calculations. Efforts in that direction are now underway. 

The TMRS Geometry Model 

Both MCNP and the Los Alamos version of HETC use a very general and 

robust method for modeling three-dimensional geometry. In this method, one 
specifies a collection of surfaces, selecting from any number of planes, spheres, 

cylinders, cones, tori, and general quadratic surfaces. One then describes a 
complete geometry by defining three-dimensional cells as the the unions and 
intersections of regions bounded by these surfaces. The cells thus defined may 
contain voids, or may represent real materials by the use of appropriate cross- 
section sets for the Monte Carlo transport calculation. 

The geometric model of the TMRS system is a fairly complex one, requiring 323 
cells defined by 340 surfaces, and making use of 21 different cross-section sets 
to represent 14 distinct materials. Table I shows the 14 materials used in this 

simulation. In the upper part of the table, the atom fraction (i.e. the fraction 
by number of nuclei) of each constituent isotope is given for every material. In 

the lower part of the table, the corresponding mass fractions are given. 

Figures l-2 show, respectively, a horizontal and a vertical cut-away view of 
the LANSCE geometry. Many of the unique features of the TMRS system are 
shown in these pictures. For example, in Fig. 1 one can see the “high-resolution” 
water moderator serving flight paths 12, 1, and 2, with its gadolinium poison at 
1.5 cm and its complete decoupler/liner of cadmium and boron. By contrast, 
the cadmium and boron layers for the two “high-intensity” water moderators 
serving flight paths 3, 4, 5 and 6, 7, 8, are present only in the outer walls of 
the lines of sight. For these moderators, the gadolinium poison is at 2.5 cm. 

The cold moderator containing liquid para hydrogen at 20’ K has no poison, 
and flight path walls similar to the two high-intensity moderators. In Fig. 2, 
one can see the two unequal segments of the target, the flux-trap arrangement 
of the moderators (not adjacent to the target), and additional details of the 
beryllium and nickel reflector/shield design. All of these details and more are 
present in the geometric model used in the Monte Carlo simulation. 

Figure 3 shows the four flight paths studied in the present investigation. These 

are flight path 1, viewing the high-resolution moderator, and flight paths 3, 
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TABLE I. Materials used in the TMRS model. 

Material 
Ml 
M2 

M3 
M4 
M5 
M6 
M7 
M8 
M9 
Ml0 

Ml1 
Ml2 
Ml3 
Ml4 

Material 
Ml I M2 

M3 
M4 
M5 
M6 
M7 
M8 
M9 
Ml0 

Ml1 
Ml2 
Ml3 
Ml4 

Component nuclides and atom fractions. 
Ni : 1.00000 
C: 0.00460 

Fe: 0.64742 
‘H : 0.66666 
Fe : 0.02782 

‘Be : 1.00000 
Gd : 1.00000 
Cd : 1 .OOOOO 

l”B : 0.08174 
‘H : 1.00000 
Mg : 0.01112 
Cu : 0.00106 

l”B : 1.00000 
‘H : 0.05111 
‘H : 0.06732 
lH : 0.29139 

Si : 0.01968 
Ni : 0.11302 

160 : 0.33334 
Ni : 0.06174 

“B : 0.37237 

27A1: 0.98075 

‘Be: 0.92333 
160: 0.03366 
160: 0.14570 

Cr: 0.18075 55Mn 
MO : 0.01441 

w: 0.91044 

c : 0.11353 27A1 

Si: 0.00577 Cr 

=O: 0.02556 
Ni: 0.89902 
Fe : 0.56291 

0.02013 

0.43236 

0.00131 

Component nuclides and mass fractions. 
Ni : 1.00000 
c : 0.00100 

Fe : 0.65401 
‘H : 0.11191 
Fe: 0.00900 

‘Be : 1 .OOOOO 
Gd : 1 .OOOOO 
Cd : 1 .OOOOO 

l”B : 0.04560 
‘H : 1.00000 
Mg : 0.01000 
Cu : 0.00251 

l”B : 1.00000 
‘H : 0.00587 
‘H : 0.00127 
lH : 0.00862 

Si : 0.01000 
Ni : 0.11998 

160 : 0.8889s 
Ni : 0.02100 

“B : 0.22844 

27A1: 0.97898 

‘Be: 0.94758 
160 : 0.01009 
160 : 0.06842 

Cr : 0.17000 55Mn 
MO : 0.02500 

w: 0.97000 

c : 0.07591 27A1 

Si: 0.00600 Cr 

160: 0.04655 
Ni :0.98864 
Fe: 0.92296 

0.02001 

0.65005 

0.00251 
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Fig. 1 Horizontal cut-away view of the LANSCE TMRS system. The layer of Boral 
(material 8 in Table I) is present in the outer walls of all four flight paths, but in the 
inner wall only for flight path (12, 1, 2). 
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Ni + Hz0 

600 MeV Proton Beam 

Ni + Hz0 Ni t Hz0 

Fig. 2 Vertical cut-away view of the LANSCE TMRS system. As in Fig. 1, the linings 

of the flight paths consist of steel/Boral/cadmium/steel for all outer flight paths and for 

the inner path (12, I, 2), but only steel/cadmium/steel for the other inner paths. 
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Fig. 3 The four lines of sight calculated in the present investigation. The limits of 
the lines of sight are shown in dashed lines, and the artificial, zero-importance cells 
used to simulate the apertures are shown in solid lines. The lines of sight are either 
on-axis or offset at 15O. 
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7, and 8, viewing the two high-intensity moderators. Calculations of point 

detector responses at appropriate locations on the flight paths simulate experi- 

mental measurements of neutron fluxes. We will return to the subject of point 
detectors and the modeling of apertures in the next section. 

At an expanded scale, Figs. 4-7 show, in order, the high-resolution moderator 
serving flight paths 12, 1, and 2; the high-intensity moderator serving 3, 4, and 
5; the high-intensity moderator serving 6, 7, and 8; and the cold moderator 
serving 9, 10, and 11. The previously mentioned features of these moderators 
are more easily seen (and labeled) in these pictures. To facilitate comparison, 
these four figures are all presented at the same scale. 

The Monte Carlo Calculation 

One purpose of this investigation was to compare calculated fluxes in the flight 

paths with experimental measurements. The experiments consisted of mea- 

surements of the 1-eV flux from gold foil activation. These measurements were 
made in flight paths 1, 3, 7, and 8, at various distances from the moderators, 
and with various fields of view. The experimental situation is described in more 
detail in Ref. 9. 

To simulate each flux measurement, a point detector tally was used in the 
MCNP phase of the Monte Carlo calculation. The detector was placed on the 
center line of the flight path, at a distance from the moderator corresponding 
to the location of the foil. In a point detector calculation, every interaction of 
a neutron in specified cells makes a virtual contribution to the detector tally, 
even when the probability of a neutron actually reaching the detector is small. 
Thus the response of a small, distant detector may be calculated accurately for 
situations in which the direct (analogue) simulation of the transport would be 
prohibitively expensive. The point detector is a tally option of h/ICNP which 
is not implemented in HETC. Fortunately, all of the neutron transport below 

20 MeV is handled by the MCNP phase, so that this tally is available in the 

present situation. 

In addition, the apertures defining the fields of view for the four measurements 
were simulated in the Monte Carlo calculations. This was done by the intro- 
duction of artificial cells outside the ThiIRS geometry to represent the shielding 
material blocking the neutrons outside of the fields of view. The artificial cells 
were given zero importance, which instructs the hIonte Carlo code to termi- 
nate any entering particle history. Thus only neutrons passing through the 
open aperture are allowed to contribute to the point detectors. This arrange- 
ment is illustrated in Fig. 3, showing the constraining zero-importance cells 
outside the TMRS. The limits of the lines of sight thereby defined are shown 
as dashed lines. 
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Fig. 4 Horizontal cut-away view of the high-resolution water moderator serving flight 

paths 12, 1, and 2. The moderator is heterogeneously poisoned with gadolinium at 

1.5 cm, and has the boron and cadmium liner previously seen in Figs. 1 and 2. 
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Fig. 5 Horizontal cut-away view of the high-intensity water moderator serving flight 

paths 3, 4, and 5. This moderator is heterogeneously poisoned with gadolinium at 2.5 

cm, and has only a cadmium liner in the inner flight path. 
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Fig. 6 Horizontal cut-away view of the high-intensity water moderator serving flight 
paths 6, 7, and 8. The poison and liner are similar to those in the other high-intensity 
moderator, shown in Fig. 5. 
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Fig. 7 Horizontal cut-away view of the cold moderator serving flight paths 9, 10, and 

11. This moderator contains liquid para hydrogen at 20’ K, and has a cadmium liner 

in the inner flight path. 
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An additional refinement in the calculation was the use of S(CX, ,@ cross-section 
sets for beryllium, water, and liquid hydrogen. The S(o,p) cross-section set 
provides a more accurate representation of the cross-section at low energies, 
and is especially important when neutron thermalization becomes significant. 
The S(cr,/3) set used in these calculations for liquid hydrogen is a recent im- 
provement to previous studies. 

Table II shows the results of the four calculations of 1-eV flux at the foils. 

Column 1 gives the flight path number. Column 2 is the distance from the 
center of the outer surface of the moderator to the simulated foil. Column 3 
is the distance from the outer surface of the moderator to the center of the 
aperture. The field of view in column 4 is not the field of view at the moderator, 
but the actual open surface at the aperture, since that is the quantity that is 
actually incorporated in the calculation. This field of view is related to the 
field of view at the moderator by a simple R2/cosB factor. The measured and 
calculated values for the 1-eV flux are shown in columns 5 and 6. The units 
for these quantities are, of course, 10sg/eV cm2 p. These results and some of 
their implications are discussed in some detail in Ref. 10. 

TABLE II. Experimental and Theoretical Fluxes. 

Flight 

Path 

Moderator- Moderator- Aperture Measured Calculated 

to-foil to-aperture field- 1-eV Flux 1-eV Flux 

distance distance of-view 

3175 cm 98 cm 132.8 cmL 0.44 0.49 

900 cm 93.56 cm 101.9 cm2 5.26 7.66 
1390 cm 94.43 cm 120.3 cm2 2.61 3.93 
660 cm 224 cm 21.4 cm2 3.40 5.90 
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Experimental determination of neutron beam fluxes at 
LANSCE from gold foil activation 

J. S. Gilmore, R. A. Robinson, and G. J. Russell 
LOS Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

Introduction 

The purpose of this work was threefold (1) to measure fluxes at the experimental 
locations for more efficient design and use of the instruments; (2) to compare 
measured fluxes with those predicted by state-of-the-art Monte Carlo computer code 
calculations incorporating a detailed mockup of the LANSCE target-moderator- 
reflector-shield geometry; and (3) to compare the fluxes from the unique flux-trap 
design with more conventional target-moderator systems of ISIS and ZING-P’. 

In measurements taken at Rutherford-Appleton Laboratory, T. G. Perring, A. D. 
Taylor, and D. R. Per@1 emphasized the thermal neutrons by suppressing the 
epithermal neutron activation through self-shielding in very thick gold foils. The 
experimenters then matched the activations with those calculated from independent, 
experimentally determined neutron-spectral shapes to calculate the 1 eV neutron 
fluxes. 

T. G. Worlton and J. M. Carpenter12] at Argonne measured the 1-eV fluxes directly by 
using cadmium-shielded 22.56-mg/cm2 thick gold foils. They determined the 
necessary self-shielding corrections by irradiating a stack of three foils. Preliminary 
corrections were applied to the specific activities of the foils using the following 
approximation for the self-shielding correction g: 

g(z) = e’m [I&/2) + IIW)l, 

where z is the thickness nox, Q is the Doppler-broadened peak capture cross 
section (27,370 b), and IO and I1 are modified Bessel functions of the first 
kind. 

Their final values for the corrected specific activities were then determined by 
extrapolating the proximate results as a function of foil thickness to zero thickness. 

Our measurements at LANSCE parallel these latter experiments for the 1-eV flux. 
We have, however, irradiated bare Au foils for additional data on the subcadmium 
flux. In the future we plan to use a modified cadmium-difference method, taking into 
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account the undermoderated spectrum from a pulsed-spallation source, which is rich 
in epithermal neutrons. 

Measurement location 

The measurements were made of flight paths (W) 1, 3,7 and 8 at LANSCE. The 
moderator configuration has been described previously by Russell, et altsl. All of 
these flight paths view water moderators poisoned heterogeneously with’gadolinium. 
PP 1 views a “high-resolution” moderator, with a boron decoupler/liner. FP 3 views 
a “high-intensity” moderator, which is decoupled with cadmium. FP 7 and 8 both 
view a second “high-intensity” moderator. 

Proton beam monitor and normalization 

The LANSCE experiments consisted of three successive irradiations in which we 
determined the relative number of protons from a current monitor that recorded the 
output of the Proton Storage Ring (input minus loss). In the last experiment we 
also determined the absolute number of protons from the number of reactions that 
occurred in an aluminum-monitor foil packet irradiated in a harp box -3 m in front of 
the bending magnet for vertical insertion into the target. After irradiation the packet, 
which consisted of 0.025mm-thick Al foil sandwiched between two 0.025mm Al 
recoil compensating foils, remained in the box but out of the beam for an additional 
12 days to avoid opening the beam line during the run cycle. Of the three reaction 
products we measured, the yields of 22Na and 24Na were clearly augmented by 
secondary low-energy neutron reactions, and only the nAl@,x)7Be reaction, where the 
product is removed from the target nucleus in Z and A, gave a valid result. The 
number of protons may still be an upper limit because the beam is defocused before 
it enters the tungsten target. 

Two Au samples separated vertically by 1.27 cm were irradiated at the experimental 
location in each of the flight paths we studied. The upper foil was always a bare 
0.0127-mm-thick foil for use as a monitor. In the first irradiation the lower sample 
consisted of a stack of three 0.0127-mm-thick Au foils in a 0.76-mm-thick cadmium 
cover. In the second run, and in PP 8 in the third run, both the upper and lower 
samples were bare gold. 

The Au monitor foils indicated that while the relative neutron production per proton 
viewed by PP 8 was constant in all three runs, production for PP 1 and 3 were lower 
by 12% and 9%, respectively, in Run 1 than in Run 2, presumably because of poorer 
beam quality, which improved with changes in steering and focusing. The final 
number of protons based on the Al monitor foil and relative integrated beam current 
from the current monitor were, therefore, also normalized for beam quality through 
the Au monitors. 

Calculation of epithermal flux 

The neutron flux at 1 eV at the experimental location, normalized to the number of 
protons is given by the following: 
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IOleV = 
l%N 

lrnN aoig N,RI (1 + 0.029/g) ’ 

where 198Nr97N 

acd 

!I 
Rf 

= the number of 198Au atoms produced 
per atom of Au in the foil 

= attenuation correction for the cadmium 
cover for 4.906-eV neutrons 

= gold self-shielding correction 
= number of protons for the irradiation 
= 1.7 1 x 10m21 cm2, resonance integral for 

Au in a neutron spectrum, which we 
assumed had the form 
I(E) = I@*) E/E*]-a92. 

Our value for the self-shielding correction for Au from stacked foil data differed from 
the measurement of Worlton and Carpenter by less than 1% for the same foil 
thickness. The quantity 0.029/g is the contribution of the l/v part of the Au capture 
cross section to the total activations. 

Results and conclusions 

The results are given in Table 1. Columns 1 and 2 delineate the flight path number 
and moderator type. Columns 3 and 4 give the flight-path lengths (from moderator 
to foil) and moderator field-of-view (i.e., the effective area of moderator viewed by the 
foil). This area, A, is obtained simply by projecting the limiting upstream thermal- 
neutron aperture (i.e., the aperture closest to the moderator) from a RQ& in the foil 
plane on to the moderator surface. As the foils in each beam line were identical, the 
intensities measured should be proportional to a cos9/L2, where 0 is the angle 
between the flight path and the moderator normal. 

Table 1. Measured epithermal neutron-beam fluxes at LANSCE. 

Flight Moderator Foil Moderator Cadmium 1 ev Flux, I(E) 
Path Type Position Field-of-view Ratio at L at moderator* 

L (cm) A (an2, (lo”)/eV cm2p) (lO’O/eV sr PA s) 

1 High Resolution Hz0 3 175 141.2 1.09 0.44 2.82 
3 High Intensity Hz0 A 900 131.5 1.29 5.26 3.01 
7 High Intensity Hz0 B 1300 139.8 1.13 2.61 2.84 
8 High Intensity Hz0 B 660 50.8 1.37 3.40 2.71 

*For a 12 x 12 cm field of view. 

Column 5 gives the cadmium ratios for each flight path. These were obtained with 
thick Au foils (22.6 mg/cm2); the values for thin foils would be closer to unity. 
There appear to be significant differences between flight paths, even for FP 7 and 8, 
which view the same moderator. For these two beam lines, we have also examined 
the spectra measured by low-efficiency BF3 monitors. The spectra were fitted to the 
standard spectral function previously used by Carpenter, et aPI The result of this 
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analysis is that the epitbermal-to-Maxwellian ratios for FP 7 and 8 agree to within 
1%. It is, therefore, very unclear whether the differences in cadmium ratio are 
significant. 

In columns 6 and 7, we list the epithermal fluxes at the foil position and moderator 
surface, respectively. In the latter case, we have corrected for the solid angle of the 
measurement. One would expect the epithermal fluxes to be similar for all four 
flight paths and, indeed, the agreement is very good. For comparison with 
calculations, see reference 5. 
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The D2 cold-neutron source for SINQ 
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Paul Scherrer Institute 
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SJVlTZF5RLAND 

1. Introduction 

This report describes the present state of the design for a D2 cold neutron source for 
SINQ. The source is to provide neutrons in the wavelength range 2 to 12 8, for a 
guide-systemt’l and at two beam ports. The basis of the design is an adaptation of the 
“horizontally” mounted thermosyphon as used for the second cold-source at the ILL, 
Grenoblet21. The principal advantages of the thermosyphon are as follows: 

*High heat-transfer rates at cryogenic temperatures are easily achieved. 
*The system is basically passive and self-regulating. 
*Minimization of tbe cooling power required by allowing, for instance, the 

condenser/phase-separator system to be removed from the high heating 
region. 

So far, work has been concentrated on the cryogenic part of the source, which is in 
the region of the bulk shield. The main considerations for the design are outlined in 
the following section and specific points given in section 3. The layout of the beam- 
tubes and cold-source plugs is shown in Fig. 6 and details of the present D2 source 
layout in Fig. 7. 

2. Design considerations 

The practical design (dimension specification, services, etc.) comes from a synthesis 
of requirements (often conflicting) from the following principal areas. 

2.1 Neutronics. The aim is to produce the highest “cold” neutron flux, which 
requires that the source is as close to the thermal flux maximum as is possible, has 
as large a volume of D, as possible, and there is as little as possible material in the 
path between D2 and the user. The beam tubes need to view the source at the 
position that gives the best “cold” flux. 

A practicable D2 source will always be too small to allow complete rethermalization 
of the neutrons. The thermal neutrons from the DzO are to be induced to lose about a 
factor of 10 in energy; but because the scattering is determined by the dynamics of 
the deuterium molecule, the slowing-down rate is considerably reduced compared to 
that at “higher” energies, and about 10 collisions are required. 
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Neutron transport studies have been carried out using Monte Carlo with a scattering 
kernel derived from differential cross sections calculated using the Young and Koppel 
modelf31. The calculated total scattering cross sections together with the measured 
values of Sieffertr4J are shown in Fig. 1; the agreement with the Sieffert results 
(liquid Dz at 19 K) is generally good down to about 3 meV. Below this energy, 
coherent scattering starts to become significant; but as the main effect will be felt 
only in the long-wavelength (e.g., VCN) region, it has not been included. 

We should expect, at best, a spectrum with a mean energy rather higher than the 
25 K physical temperature (this is observed with the cold sources at the ILL, 
Grenoble): this may be seen from the plot of mean-scattered energy as a function of 
incident energy shown in Fig. 2. An equilibrium will occur at about the energy 
where the average scattered energy equals the incident, which is 3.8 meV (44 K) for 
ortho- and 5.0 meV (58 K) for para-deuterium. 

The best cold flux will be at a position some distance from the entry point of the 
neutron into the DZ. The cold neutron intensities for a window 80 mm wide and 
120 mm high, at three positions along the cylindrical surface and for various re- 
entrant windows, are shown in Fig. 3. 

The results indicate that a re-entrant hole leaving 10 to 15 cm of D2 between the two 
windows and located approximately 15 cm from the target-end of the source cell is 
about optimum. The neutron intensity gain over a window on the surface could be 
in the region of 50%. A calculated spectrum of the neutrons leaving the D2 is shown 
in Fig. 4. 

Flux loss will be caused by materials in the path of the cold-neutron beams. These 
may be split into two categories: 

(i) unavoidable: material that must be present (container walls, safety 
windows, etc.) 

(ii) avoidable: material that may be removed, but with consequences on other 
aspects of the SINQ design. 

The actual losses will come from three effects--direct absorption, scattering of the 
neutrons to outside the acceptance of the beam tube, and upscattering. A particularly 
unfortunate material to have in the path of the beam is D20. as it is a good 
upscatterer. The spectra for neutrons transmitted through various thickness DzO 
layers (and averaged over all escapes, irrespective of position) has been calculated. 
The results are presented in Fig. 5 as the ratio of the intensity per unit wavelength in 
the transmitted spectrum to that in the incident spectrum. 

2.2 Cryogenics. We have a cold box that can give about 2.4 kW cooling 
power at 15 K, but which must also provide cooling for an Hz source (it is possible 
that a higher temperature for the helium gas will be used with consequent gain of 
cooling power). Preliminary estimates for the heating of the inner parts of the D2 
source (cooled by liquid deuterium) is 1.5 to 2 kW/mA. The actual heating will be a 
function of the final design (wall thickness, actual position of the source cell in the 
moderator tank, etc.) 
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Fig. 1 The calculated total cross section for scattering of neutrons from deuterium 

molecules at 25 K. The measured results are from W.D. SieffertL4] and are for liquid 
D2at 19 K. 
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Fig. 2 The average energy of neutrons scattered by deuterium molecules at 25 K as 
a function of incident neutron’s energy. 
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Fig. 3 The variation of cold neutron intensity at given wavelengths as a function of 
beam window position and depth of re-entrant window. The intensities are normalised 
to unit thermal flux at the position of the flat surface of the cylinder nearest to the 
target. 
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Fig. 4 The calculated neutron escape spectrum from the Dpcold-source (histo- 
gram) for a 80-mm-wide beam window centered 90 mm from the end of the source 
nearest the target and re-entrant to a depth of 25 mm, together with the result of a 
two-component Maxwellian fit to the data in the region 1.25 to 9.75 A. 
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Fig. 5 The ratio of the transmitted to incident intensity per unit wavelength as a 
function of wavelength for various thickness layers of 02 0. 
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The liquid part of the system (at about 25 K) requires a vacuum insulation layer with 
a pressure = 10e5 Torr. 

2.3 Thermohydraulics. The main parameter to be fixed is the hydrostatic 
head for the thermosyphon circuit. The aim should be to have as short and smooth a 
path as possible between cell and condenser but against this are the following: 

(i) chicanes in the transfer line to limit streaming paths in the shielding; 
(ii) putting enough distance so that connections and components are in low 

heating and low activation regions; and 
(iii) making things accessible for maintenance. 

The Dz mass-flow to transfer the heat is about 7 g/s (1.5 mA operation), that is 
about 2.2 litres/s of gas flowing to the condenser and 50 cm3 of liquid D2 in the 
return path. The hydraulic losses will be compensated by the liquid-D, head to the 
condenser, but estimation of the required height is complicated by: 

aA variable degree of two-phase flow in the return line (i.e., the actual D2 mass- 
flow will be higher due to a liquid/vapor mix being present). 

*The needs to include bends (a) to turn the transfer lines into the vertical and (b) 
to minimize the length of direct streaming paths through the shielding. 

+ressure loss through the Dz-cell itself. 

2.4 Shielding and induced activation. The axis of the source is in 
direct line with the target and, hence, looks directly at the high-energy neutron 
source. The shield design has two main aims: 

(i) to reduce activation in the region of the change from horizontal to vertical 
so that “hands on” maintenance can be used (see Section 3.1); and 

(ii) to reduce the dose rate at the outer surface of the assembly to 
5 0.5 mrem/hour, but to do this within the geometrical limits of the bulk- 
shield to avoid loss of operating space for instruments on the adjacent beam 
ports (see Fig. 6). 

The transfer-line connections in the plug assembly include chicanes to limit the 
length of direct streaming paths, and a final large homogeneous shielding plug can be 
inserted behind. 

The inner parts of the cold-source system will become highly activated during 
operation and a shielded container to extract the source into and for its transport to a 
suitable place for repair will be required. Where possible, materials that give the 
lowest possible post-irradiation dose are to be selected. 

2.5 Radiation damage. Radiation damage will change material properties 
during the lifetime of the source and needs to be taken into account in the engineering 
design of the source-cell and auxiliary containers (items in the highest radiation field). 
The choice of “auxiliary” materials (for seals, etc.) will also be made with due regard 
for the radiation field where they are to be located, so as not to have the operational 
life of the source limited by such auxiliary materials. 
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Flg. 6 Layout of the beam tubes and plugs for the cold sources. 

2.6 Safety. The three major concerns are (i) deuterium explosion or fire, (ii) 
overpressure, and (iii) radiation. The principal safety measures planned are as 
follows: 

A minimum of three walls between liquid deuterium and any source of 
oxygen (or uncontrolled atmosphere), The two outer regions will contain a 
controlled inert atmosphere. For the (warm) gaseous deuterium parts of the 
system, we plan to use one less wall. 
The use of high-purity deuterium and stringent operational procedures so 
that this purity is maintained. 

These measures are to prevent (i) oxygen and deuterium coming into contact, (ii) 
blockage of the thermosyphon system by frozen contaminants, and (iii) containment 
for tritium. 

Pressure transients that result from reasonable operational equipment failures will be 
limited by provision of bursting discs and by including in the choice of sizes for 
transfer lines (cryogenic, gas line to the buffer volume, vacuum, etc.) the need for a 
suitably high gas conductance. 
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During operation there will be production of about 150 Ci/year tritium by neutron 
capture in the Da. This requires that the complete Da system be surrounded by a 
controlled atmosphere with tritium monitoring, and that all pump exhausts, 
emergency Da dumping arrangements, pressure relief systems, etc., have appropriate 
venting arrangements. 

3. Source layout 

3.1 Bulk shield Insert. The D2 cold-source is to be inserted into a gas-tight 
box built into the bulk shield between beam-tube pairs T3/4 and WI/Z (see Fig. 7). 
The box has a vacuum liner that extends into the beam-tube assembly in the 
moderator tank and gives the vacuum insulation for the cryogenic parts of the source. 
It will be cooled over the fist meter or so and is also the second wall for the 
containment; the third wall is provided by the inner helium containment system for 
SINQ. The insert itself has the source cell (a cylindrical flask of about 300 mm 
diameter and 300 mm length), an auxiliary Da0 tank mounted behind the source cell 
to reduce flux depression and the shielding plug with the transfer lines. The inner 
parts of the shielding block will require forced cooling. The overall shielding is 
complete by a large mobile block. 

The region about 4200 mm from the target center line has the changeover to the 
vertically mounted section. This has a system of flanges to allow soume insertion 
and extraction. The details of this region may be seen in Fig. 8, which shows the 
principal operations of a plug change. 

3.2 Vertical Insert. This consists of the vertical part of the transfer lines and 
the condenser/phase-separator system. These are mounted in a chimney through the 
fixed part of the bulk shield with a continuation of the vacuum system and a cover 
gas system (possibly nitrogen), which is independent from the helium of the 
horizontal part. Access to these parts will be from above (the upper part of the bulk 
shield consists of “loose” blocks). The transfer lines (deuterium-gas, vacuum, cold- 
helium, etc.) will cross to a plant area located just off the bulk shield with the cold- 
box, vacuum pumps, etc. 
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Vec+m He F+R I I 
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4200 I_ 2000 

Fig. 7 The layout of the 02 source in the bulk shield. 
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Remove shielding block A 
Demount flange B+C 
Oemount shielding block D 
Uncouple transfer Lines E 
Extension box F demount 
Transfer pLug G to transport flask 
Mount transport flange / shielding plug H 
Transfer vacuum liner I to transport flask 

Fig. 8 Details of the plug change operation. 
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ABSTRACT: We measured neutron beam fluxes at LANSCE using gold foil 
activation techniques. We did an extensive computer simulation of the 
as-built LANSCE Target/Moderator/Reflector/Shield geometry. We used this 
mockup in a Monte Carlo calculation to predict LANSCE neutronic 
performance for comparison with measured results. For neutron beam fluxes 
at 1 eV, the ratio of measured data to calculated varies from ~0.6-0.9. The 
computed 1 eV neutron leakage at the moderator surface is 3.9 x 10” 
n/eV-sr-s-PA for LANSCE high-intensity water moderators. The 
corresponding values for the LANSCE high-resolution water moderator and the 
liquid hydrogen moderator are 3.3 and 2.9 x lOlo, respectively. LANSCE 
predicted moderator intensities (per proton) for a tungsten target are essentially 
the same as ISIS predicted moderator intensities for a depleted uranium target. 
The calculated LANSCE steady state unperturbed thermal (E < 0.625 eV) 
neutron flux (at 100 pA of 800 MeV-protons) is 2 x 1013 n/cm2-s. The 
unique LANSCE split-target/flux-trap-moderator system is performing 
exceedingly well. The system has operated without a target or moderator 
change for over three years at nominal proton currents of ~25 pA of 800-MeV 
protons. 

1. Introduction 

The Manuel Lujan, Jr. Neutron Scattering Center (LANSCE)t’I is a state-of-the-art 
pulsed spallation neutron source. The origin of the 800-MeV protons for LANSCE 
is the Clinton P. Anderson Meson Physics Facility (LAMPF)12]. LAMPF 800-MeV 
protons feed the Proton Storage Ring (PSR)13] which produces short (270 ns), 
intense proton pulses for LANSCE. An international user community utilizes 
LANSCE for condensed matter and nuclear physics research. The LANSCE target 
system needs to be operated efficiently, and continually upgraded to remain 
competitive worldwide. The LANSCE Target/~oderator/Reflect~/Shield (TMRS)t41 
provides spectrometers with potent neutron beams with appropriate time-structure and 
energy-spectral distributions. 
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Illustration of the LANSCE target system consisting of a 
split-target, an inner beryllium/nickel reflector region, and an outer 
nickel reflector/shield. Three water slab-moderators and a liquid 
hydrogen slab-moderator are in flux-trap geometry between two 
tungsten targets. The system is one meter in diameter and one 
meter high. 

The LANSCE TMRS is depicted in Fig. 1. Presently, there arc four slab-moderators 
in flux-trap geometry between the split targets. The four flux-trap moderators service 
twelve existing flight paths. Two additional moderators are envisioned adjacent to 
the upper target (in either wing- or slab-geometry) to service four new neutron flight 
paths. These two “upper-moderators” are part of the LANSCE upgrade project, 
scheduled for completion in 1992. 

The LANSCE TMRS has four unique features: 

. There is no crypt per se (void region) surrounding the TMRS. 

l The target is not in one piece, but split into two unequal segments 
separated by a void. 

. Moderators are not located adjacent to the target as in the more conventional 
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wing-geometry design. In the LANSCE target system, the moderators are 
in slab-geometry located in a flux-trap arrangement where there is no target 
material. They lie befween the two target segments and surround a central 
void region. 

. A conventional all-beryllium reflector is not used; the LANSCE TMRS 
employs a composite (beryllium/nickel) reflector/shield arrangement. 

One significant advantage of our flux-trap geometry is that all four flux-trap 
moderators are high-intensity. This is in contrast to conventional wing-geometry 
moderators employed at ISISl’] and IPNS161. At the latter spallation sources, 
moderators are located at both the front and back of the target to increase the number 
of flight paths serviced simultaueously. Because neutron production from spallation 
targets is strongly dependent on axial location, moderators in the fore position are 
nominally a factor of two more intense than aft placed moderators. This relative 
performance of fore and aft moderators in wing-geometry has been predicted 
theoreticallyl’] and observed experimentally. LANSCE flux-trap moderator 
performance should be akin to high-intensity, wing-moderator performance. 

The twelve existing LANSCE neutron flight paths are depicted in Fig. 2. The four 
LANSCE TMRS flux-trap moderators are shown in Fig. 3; each moderator services 
three flight paths. Three of the moderators are ambient temperature water. Two of 
the water moderators are heterogeneously poisoned at 2.5 cm from the exit face with 
gadolinium and have cadmium decoupler/liners. We call these two moderators 
“high-intensity” moderators. The third water moderator is heterogeneously poisoned 
with gadolinium at 1.5 cm and has a boron decoupler/liner (l/e transmission at 
=3 eV). We refer to this moderator as the “high-resolution” moderator. 

For thermal neutrons, the poison neutronically defines the thickness of a moderator 
iewed by an experiment. Decouplers surround a moderator and neutronically 

% olate it from the reflector. Liners neutronically isolate the moderator “viewed 
surface” from the reflector/shield. 

We recognize the importance of cold neutrons in condensed matter research, and our 
fourth flux-trap moderator is liquid para hydrogen at ~20 K. The liquid hydrogen 
moderator has no poison, a gadolinium decoupler, and a cadmium liner.[41 

The LANSCE TMRS was installed in August 1985, and has operated reliably (with 
no target or moderator changes) since its inauguration. Proton currents over the 
3-year period were a nominal 25 pA. During the run cycle recently completed, the 
average proton current to LANSCE was ~35 pA. 

2. Approach 

Because the LANSCE TMRS is an innovative design (unique worldwide) for a 
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Fig. 2 Plan view of the LANSCE moderator and flight path arrangement. 

spallation neutron source, it is imperative that we measure and calculate the 
neutronic performance of the as-built LANSCE target system. We must also 
compare the LANSCE absolute neutronic performance with those spallation neutrod 
sources using conventional wing-geometry design. 

We measured neutron beam fluxes using gold foil activation techniques. The details 
of these measurements are given in Ref. 8; the measurements were carried out on 
flight paths 1,3,7, and 8. During the design phase of the LANSCE target system, 
RussellI4.71 did preliminary calculations to estimate the neutronic performance. In 
order to directly compare measured and calculated neutron performance, HughesI’] did a 
very detailed geometric mockup of the as-built LANSCE TMRS, and used the 
powerful Los Alamos Monte Carlo code system[10l to calculate the neutronic 
performance of LANSCE. 

In this paper we concentrate only on neutron intensity, but the time behavior of 
neutrons is of paramount importance for a pulsed neutron source. 
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Fig. 3 Expanded plan view schematic of the LANSCE target/moderator 
arrangement. The liquid hydrogen moderator is depicted on the 
right side. 

3. Results 

3.1 LANSCE Neutron Beam Fluxes 

LANSCE instrument designer/users are interested in the neutron beam flux at 
their sample location. We measured LANSCE neutron beam fluxes for flight paths 
1,3,7, and @*I, and did a detailed calculation of the corresponding neutron beam 
flwes.tql The results are shown in Table I. 

In Table I, one can see that the ratio of measurement/calculation varies from 
0.58-0.90. These are slightly larger variations than the preliminary values presented 
at the ICANS-X meeting. The differences are due to our changes in the assumed 
moderator field-of-view for each flight path. Subsequent to the ICANS-X meeting, 
Robinsont8] redetermined the moderator fields-of-view for each flight path where 
measurements were taken. He reviewed the actual flight path drawings, and applied a 
consistent definition of moderator field-of-view to all the flight paths. Hughe&‘] 
recalculated the neutronic performance using the new fields-of-view. 
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Table 1 Measured and Calculated LANSCE 1 eV Neutron Beam Fluxes 

i 1eV Neutron Beam Flux 
Moderator Ratio 

Flight Moderator Field-of-View Measured Calcuclated Measured 
Path Type (cm2) (n/eVcm2-p)x109 (n/eV-cm2+p)x109 to Calculated 

1 High-Resolution H20 141.2 0.44 0.49 0.90 

3 High-Intensity H20 131.5 5.26 7.66 0.69 

7 High-Intensity H20 139.8 2.61 3.93 0.66 

8 High-Intensity H20 50.8 3.40 5.90 0.58 

There are several variables that strongly influence the agreement between measured 
and calculated neutron beam fluxes. They are: 

l The number, spatial distribution, and position of protons striking the target. 

. The flight path collimation system and the resulting moderator 
field-of-view. 

. The alignment of the flight path collimation system within the LANSCE 
bulk shield. 

. Flux depression, multiple scattering, effective cross section corrections, etc. 
to the measured data. 

At LANSCE, we presently have no direct measurement of the number, spatial 
distribution, and position of protons striking the LANSCE target. Gilmoref*) 
overestimated the number of protons striking the LANSCE target by assuming that 
all the protons passing through his aluminum monitoring foil struck the LANSCE 
target. The proton monitoring foil was located in the LANSCE beam line upstream 
from the LANSCE 90” bending magnet system. This conservative position would 
underestimate measured LANSCE neutron beam fluxes. Discrepancies in 
determining flight path collimation or the practical alignment of a collimation 
system in the LANSCE bulk shield will affect both measured and calculated data. 
Also, more work needs to be done using calculated neutron spectra to ascertain 
appropriate correction factors for the measured gold foil data. 
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3.2 LANSCE Neutron Source Intensities 

Spallation neutron source designers typically quote neutron source intensify, 
which is the angle dependent neutron leakage at the moderator surface. Calculated 
neutron leakage at 1 eV and E < 0.625 eV (thermal neutrons) are shown in Table II 
for 1 yA of protons. The 1 eV neutron leakage is 3.9 x 10” n/eV-sr-s-uA for the 
two LANSCE high-intensity water moderators. The corresponding values for the 
LANSCE high-resolution and liquid hydrogen moderators are 3.3 and 2.9 x lo*‘, 
respectively. These LANSCE neutron leakages are respectable values for a spallation 

Table II Calculated Neutron Leakage Currents at Various LANSCE Moderator Surfaces 
for a 12x12 cm Field-of-View 

Flight 
Paths 

Moderator 
Type 

1eV 
Neutron Leakage 

Current 
(n/eV~srs+tA)xW” 

Therma1(<0.625eV) 
Neutron Leakage 

Current 
(n/srs.pA)xlO-ll 

1, 2,12 High Resolution H20 3.3 + 0.4 0.98 + 0.07 

3, 4,. 5 High-Intensity H20 3.9 f 0.5 2.0 z!z 0.1 

697, 8 High-Intensity H20 3.9 f 0.5 1.9 f 0.1 

9, 10, 11 Liquid Hydrogen 2.9 If: 0.4 1.7 f 0.1 

Table III Calculated Neutron Leakage Currents at Various LANSCE Moderator Surfaces 
for a 12x12 cm Field-of-View 

1eV Thermal(c0.625eV) 
Neutron Leakage Neutron Leakage 

Flight Moderator Current Current 
Paths Type (n/eVsr-p)x103 (n/sW)xl@ 

1, 2,12 High Resolution H20 5.3 + 0.7 1.6 + 0.1 

3, 4,. 5 High-Intensity H20 6.3 + 0.7 3.2 f 0.2 

6.7, 8 High-Intensity H20 6.3 f 0.7 3.1 + 0.2 

9, 10, 11 Liquid Hydrogen 4.7 + 0.6 2.7 + 0.1 
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source employing a tungsten target. Thermal neutron leakages for a spallation 
neutron source are not usually quoted. The LANSCE moderator neutron leakage 
values are given in Table III on a per proton basis. 

In the design of the LANSCE TMRS, Russellr4] used a simplified mockup 
employing only two (not four) flux-trap moderators. He also did not dilute material 
atom densities with cooling passages. A “rule-of-thumb” engineering factor of 0.7 
was assumed to estimate the as-built LANSCE TMRS performance from the 
simplified mockup. The actual factor is 0.62, as derived by comparing results from 
Russell’s simplified mockup with the detailed simulation by Hughes.l’] 

We show computed neutron leakage spectra at the LANSCE moderator surfaces in 
Figs. 4-6. In Fig. 4, we compare the performance of a LANSCE high-intensity 
water moderator to the high-resolution water moderator. The effect on thermal 
neutron flux of tailoring moderator performance for resolution is shown in Fig. 4. 
The ratio of high-intensity/high-resolution thermal neutron leakage is about a factor 
of 2. However, the neutron pulse widths for the high-resolution moderator are 
narrower. The calculated neutron leakage spectra from the LANSCE liquid hydrogen, 
high-intensity, and high-resolution moderators are shown in Figs. 5 and 6. Cold 
moderators are used at pulsed spallation sources for two reasons: a) to extend the 
slowing-down (l/E) region to lower energies thereby retaining narrow neutron pulse 
widths; and b) to produce low-energy neutrons. The ability of the LANSCE liquid 
hydrogen moderator to produce low-energy neutrons is evident in Figs. 5 and 6. 

l ’ 
l 

l 0 0 

0 l 
0 

l 0 *e 

Ob 

l High-Intensity Water Moderator 8 

Flight Paths 3,4,5 8 : 

0 High-Resolution Water Moderator 8; 

Flight Paths 12.1,2 

lE-4 1 E-3 1 E-Z lE-1 

Energy (eV) 

1 10 

Fig. 4 Calculated neutron leakage spectra for LANSCE moderators 
showing the differences between high-intensity and high-resolution 
water moderators. 



lANSCE target performance 491 

IE-3 : 
0 High-Intensity Water Moderator 

Flight Paths C7.8 

0 Liquid Hydrogen Moderator 

Flight Paths 9.10.11 

Odd& 

0: 

lE-4 
lE-4 lE-3 lE-2 lE-1 1 10 

Energy (eV) 

Fig. 5 Calculated neutron leakage spectra for LANSCE moderators 
comparing a high-intensity ambient temperature water moderator 
with the liquid hydrogen moderator at ~20 K. 

0 High-Resolution Woter Moderator 

lE-4 lE-3 lE-2 lE-1 1 10 

Energy (eV) 

Fig. 6 Calculated neutron leakage spectra for LANSCE moderators 
comparing the high-resolution ambient temperature water 
moderator with the liquid hydrogen moderator at ~20 K. 
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Calculated neutron leakage current from a high-intensity ambient 
temperature water moderator showing the effects of different 
moderator fields-of-view. 

3.3 LANSCE Moderator Field-of-View Study 

One advantage of the LANSCE flux-trap moderators is that they are in slab-geometq 
without directly looking at the target (see Fig. 3). This allows significant gains to 
be made to neutron intensities by using larger fields-of-view at the moderator. The 
neutron leakage current from a LANSCE high-intensity water moderator as a function 
of the moderator field-of-view is given in Fig.7. For example, an increase in the 
field-of-view from 100 to 144 cm2 augments the neutron intensity < 0.1 eV by 
=30%. 

3.4 LANSCE Angle-Dependent Neutron Flux at a Moderator 

We looked at the angular distribution of leakage neutrons c 0.1 eV relative to the 
normal to the moderator surface. The results of the calculation are shown in Fig. 8. 
For angles c -40 degrees, the distribution is cosine-like; at larger angles, the 
intensities appear to fall off more rapidly than a cosine function. 

3.5 LANSCE Steady State Unperturbed Thermal Neutron Flux 

For a pulsed spallation neutron source, a “thermal” (E < 0.625 eV) neutron flux can 
be calculated which is a comparable entity to a steady state reactor “thermal” neutron 
flux. This spallation source neutronflux is the spatial maximum of the unperturbed 
steady state thermal (E < 0.625 eV) neutron flux inside a moderator.t”] For 
LANSCE at 100 M of 800 MeV protons, this calculated flux is 2 x 1013 n/cm2-s.t111 
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Calculated angle-dependence of neutrons leaking from a LANSCE 
high-intensity ambient temperature water moderator. The angle is 
relative to the surface normal. 

4. Conclusions 

The Monte Carlo computer codes used to predict low-energy neutron transport give 
sensible agreement with a variety of measured data.1’2~141 This provides reason to 
believe that calculated predictions of 1 eV neutron beam fluxes should correspond to 
measured results to within ~20%. Not all the LANSCE measured and calculated 
neutron beam fluxes agree to this accuracy. 

The strong dependence of LANSCE calculated neutron beam fluxes on the moderator 
field-of-view emphasizes the importance of collimation systems and their correct 
alignment (in a practical sense). One possible scenario for explaining the 
discrepancies between LANSCE measured and calculated neutron beam fluxes is that 
some flight path collimation systems are either misaligned or misunderstood. Also, 
at LANSCE the number, spatial distribution, and position of protons striking the 
target is uncertain; this situation needs improvement. The discrepancies between 
LANSCE measured and calculated neutron beam fluxes could also be real, requiring 
further explanation. 

The LANSCE target system employs a tungsten target; the ISIS target system uses a 
depleted uranium target. Calculated LANSCE neutron leakages (per proton) at the 
various moderator surfaces are essentially the same as moderator leakages predicted for 
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Given that the LANSCE TMRS is complicated and unique 
worldwide, the measured and calculated absolute neutron intensities 
for the as-built TMRS are particularly gratifying. 

The LANSCE target system has performed admirably for over three years. We intend 
to continue to understand and improve the neutronic performance of LANSCE; the 
calculational tools recently developed will aid those endeavors. We plan further 
measurements of neutron beam fluxes as new neutron beam lines are developed. 

The LANSCE upgrade (which will add two new moderators adjacent to the upper 
target) is scheduled for completion in 1992. Our current thinking (subject to change) 
is to employ the following moderators at upgrade: a) two liquid methane moderators 
at ~77 K; b) two liquid hydrogen moderators at =20 K; and c) two ambient 
temperature water moderators. 
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ABSTRACT: The “maximum” unperturbed, steady-state thermal neutron 
fluw for LANSCE is calculated to be 2~10’~ n/cm2-s for 100 pA of 800-MeV 
protons. This LANSCE neutron flux is a comparable entity to a steady-state 
reactor thermal neutron flux. LANSCE perturbed steady state thermal neutron 
fluxes have also been calculated. Because LANSCE is a pulsed neutron 
source, much higher “peak” (in time) neutron fluxes can be generated than at 
a steady-state reactor source. 

Introduction 

The intercomparison of pulsed-spallation-neutron-source and reactor-source 
performance is complex and ultimately has to be based on individual 
experiment/instrument particulars. Carpenter defined an “effective peak flux” to 
describe the performance of a pulsed neutron source.lll Care should be used in 
quantitatively applying the “effective peak flux” concept to characterize pulsed 
neutron-source performance. However, for a pulsed spallation source, a “thermal” 
neutron flux can be calculated which is similar to a steady-state reactor thermal 
neutron flux. This spallation source neutron flux is the spatial maximum of the 
unperturbed steady state thermal neutron (E c 0.625 eV) flux inside a moderator. 

Approach 

The LANSCE spallation neutron source has been described elsewhere.121 An 
expanded plan view of the LANSCE target/moderator arrangement is depicted in 
Fig. 1. Some nomenclature is in order. Liners eliminate neutron “crosstalk” 
between the moderator surface viewed by a flight path and the reflector/shield. 
Decouplers neutronically isolate the moderator per se from the reflector/shield. 
Poisons define an “effective” moderator volume for thermal and cold-neutron 
production. The neutron energies at which liners, decouplers, and poisons are 
neutronically effective depend on the material type and thicknesses. 

At Los Alamos, we have a powerful Monte Carlo computational capability 
applicable to spallation-neutron-source-performance computationsI I used this 
computational tool to calculate a variety of thermal neutron fluxes for the LANSCE 
target system. Thermal neutrons are defined to include all neutrons with energies 
below 0.625 eV. This is how thermal neutron fluxes are being quoted for the 
Advanced Neutron Source and for the ILL reactor;f41 the ILL is basically the “world 
standard” to which other neutron producing facilities am compared. 
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LinYA?J-P Decoupler 

Cold Moderator 

Ambient Moderator 

I 

Reflector/Shield 

Fig. 1 Expanded plan-view schematic diagram of the LANSCE target/moderator 
arrangement. The liquid-hydorgen moderator is depicted on the right side. 

Simplistically, LANSCE moderator neutron fluxes are perturbed in two ways: 1) 
neutronically-with liners, decouplers, or poisons, and 2) spatially-by the intrusion 
of void spaces through the reflector/shield to extract neutron beams for experiments. 
I define a decoupled LANSCE moderator to be one in which poisons, decouplers, 
or liners are used. Conversely, a coupled LANSCE moderator is one where no 
poisons, decouplers, and liners are utilized. A coupled/perturbed moderator is 
perturbed by the void space used to extract neutron beams. A 
coupled/unperturbed moderator does not have a void space for neutron beam 
extraction. At present, LANSCE operates with four decoupled/perturbed moderators;12] 
the thickness of the Lansce H20 moderators is a nominal 3.5 cm. 

Results 

A plot of the average thermal neutron flux at the surface of a LANSCE moderator 
viewed by an instrument is shown in Fig. 2 as a function of moderator thickness. 
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Fig. 2 LANSCE thermal neutron flux at a water moderator surface as viewed by an 
experiment, for 100 PA of proton current. 

These data are for coupled/perturbed 13 by 13 cm H,O moderators; the neutron flux is 
averaged over the 13 x 13 cm surface. The fluxes are, therefore, “useful” fluxes in a 
practical sense because they are averaged over a 169 cm2 area. A polynomial fit to 
the data shows a broad peak in the range 1.5 to 3.5 cm. 

I calculated the spatial distribution of thermal neutrons inside 2.5 and 3.5cm-thick 
coupled moderators, for both perturbed and unperturbed cases. The results are shown 
in Figs. 3 and 4. For the 3.5~cm-thick moderator, the maximum thermal neutron 
flux is about 2~10’~ n/cm2-s. This is to be compared to the ILL value of 1.5~10’~ 
(see Ref. 4). Even though the surface fluxes (for the moderator surface viewed by an 
instrument) are similar for the two moderator thicknesses, there may be an advantage 
for the thicker moderator because of potential gain from the use of “honeycomb” 
moderators,151 etc. 

The thermal neutron flux from a LANSCE decoupled/perturbed Hz0 moderator is 
compared to that from coupled&rturbed and coupled/unperturbed H,O moderators in 
Fig. 5. One can see the gain (of about 6) in going from a decoupled to a coupled 
moderator. A further gain would be realized by removing the poison from within the 
decoupled moderator..t2] 
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Fig. 3 Spatial distribution of thermal neutron flux for a 2.5-cm-thick LANSCE water 
moderator, for 100 PA of proton current. 
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Fig. 4 Spatial distribution of thermal neutron flux for a 3.5-cm-thick LANSCE water 
moderator, for 100 PA of proton current. 
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Fig. 5 Thermal neutron flux at the surface of various LANSCE water moderators, for 
100 PA of proton current. 

Conclusions 

Thermal neutron fluxes have been calculated for the LANSCE spallation neutron 
source. The steady-state thermal neutron flux value of 2~10’~ is similar to a 
steady-state reactor thermal neutron flux. Because LANSCE is a pulsed-spallation 
neutron source, much higher peak (in time) thermal neutron fluxes are generated than 
at a steady-state reactor. Intercomparing the performance of a pulsed neutron source 
with a steady-state reactor source is complicated and dependent on 
experiment/instrument particulars. 

Because of engineering realities associated with high-power source design, cam should 
be exercised in extrapolating LANSCE thermal neutron flux values for 100 pA of 
800-MeV protons to higher proton currents and energies. 
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ABSTRACT: In the frame of a synthetic scattering function, the interaction 
of slow neutrons with H2 and D2 is described in a simple way. The main 
advantage of the synthetic model is contained in the analytical expressions it 
produces for the total cross section and the isotropic and anisotropic energy- 
transfer kernels. They allow a very fast evaluation of neutron scattering and 
transport properties in liquid hydrogen and deuterium, including variation of 
the concentration in the ortho and para forms. The calculations are compared 
with available experimental data, showing very good agreement. The results 
presented here are relevant to cold neutron source design. 

Introduction 

As examples of simple molecular systems, liquid hydrogen and deuterium have 
attracted considerable interest from a theoretical point of view, whereas their unique 
neutronic properties have made them a natural choice as moderating materials for the 
production of cold neutrons. 

After the early total cross-section measurements performed by Squires and StewardIll 
on liquid Hz and the theoretical work of Sarma121, many calculational techniques were 
developed, most of them based on the gas model of Young and Koppelt31. As a 
consequence, the differentiating feature of those bound atom models has been in the 
treatment of the translational motion of the molecular unit, some of them14~5J 
following the lines of the Egelstaff-Schofield prescription for liquid systemst61, while 
others have adopted a continuous frequency spectrum for this mode17*81. However, 
there is still a lack of experimental information on the neutron field behavior in those 
systems[91. 

The transformation properties of the total wavefunction in a homonuclear diatomic 
molecule causes the total nuclear spin I and the total angular momentum J to be 
correlated, thus producing a well-defined “selection rule” that governs the transitions 
between states corresponding to those quantum numbers[lOl. Those correlations are 
especially important in the case of H2 and Dz at low temperatures, where not many 
rotational levels are excited and, consequently significant interference effects show up 
in the neutron cross sections for the ortho and para forms. 

A knowledge of the full molecular dynamics is generally required to compute the 
cross sections for the neutron-molecule interaction. However, many neutron 
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properties can be evaluated through the use of a simplified scheme to represent the 
actual frequency spectrum, and this is the basic idea behind the development of the 
Synthetic Scattering Law[“l. The latter has been successfully applied to the 
description of neutron scattering and transport properties in several hydrogenous 
materials[12]. We present here some results of the synthetic model for H2 and D2 and 
compare them with available information. 

The model for H2 and D2 

The basic hypotheses borne into the synthetic scattering function have already been 
described[llJ21, so that only its main characteristics will be briefly commented upon 
here. The actual frequency spectrum of the system is lumped into discrete harmonic 
oscillator modes, each of these having an occupation number for the excited levels 
controlled by the system’s temperature and an associated effective mass, which is a 
measure of its relative weight. Furthermore, collision-induced transitions between 
those levels are allowed in the neutron-molecule interaction, which in turn depends 
on the incident neutron energy E,,. In this way, a synthetic scattering function T(Q, 
w, EO) is obtained, where the effects of the molecular dynamics on the cross sections 
is represented through the variation of an effective mass, temperature and vibrational 
factor. 

Our model for Hz and D2 is built on the basis of the Young-Koppel[31 formalism to 
describe the rotational elastic and one-phonon inelastic cross sections, together with 
the prescriptions of the general synthetic model for the vibrational and translational 
forms of the molecular scattering function. Concerning this latter mode, an 
additional Einstein oscillator was introduced to represent the low-energy collective 
excitations, as it is well known that a simple gas model is not adequate to predict 
some scattering properties at low neutron energies[45J31. The complete set of input 
parameters for our model calculations has been given elsewhere[141. 

Intermolecular interference effects show up in the measured total cross section of 
liquid H2 and D2 at low energies (-0.003 eV)[151, where they partially cancel the 
intramolecular interference contribution for neutron wavelengths longer than the 
average distance between molecular centers. We have taken this behavior into 
account in a crude manner by imposing a complete cancellation of the coherent 
elastic scattering, whereas a more rigorous treatment of these effects should be based 
on the consideration of the static structure factor of the liquid system[161. 

By virtue of its simple form, the synthetic model produces analytical expressions for 
several magnitudes of interest in neutron thermalization problems, and consequently 
evaluations involving changes of parameters (ortho:para concentration, density, 
temperature, weighting spectrum) can be easily performed in a fast and accurate 
manner. 

Results 

We show in Fig. 1 the results of our model, together with the experimental data of 
Seiffert[lsl for the total cross section of para- and normal-hydrogen. The discrepancies 
observed at the low energy side are due to the crudeness in the treatment of the 
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translational motion in the case of n-Hz and the forced neutralization of scattering 
components in the other case (p-H& Besides those differences, the overall agreement 
is reasonably good. 

The total cross-section data of Seiffert for liquid Dz are compared in Fig. 2 with the 
synthetic model results for ortho- and normal deuterium. The agreement between 
experiment and calculation in this case is not as good as for Hz, but still quite 
satisfactory. 

Figure 3 shows the evaluated energy-transfer kernel for liquid Hz at an incident 
neutron energy E0 = 0.018 eV. It is observed that o-Hz presents an almost gas-like 
behavior at this energy, while p-Hz shows the effect of the J = 0 2 1 flipping 
transition through a pronounced down-scattering contribution. 

We used the analytically generated scattering kernels to evaluate some other integral 
properties. The slowing down power 40 (per atom) of ortho- and para-hydrogen is 
shown in Fig. 4, while the results corresponding to deuterium are presented in Fig. 
5. In the case of o-Hz (Fig.4), the large negative values of ea even at energies above 
0.001 eV, reflect the importance of upscattering processes through the transition 
J=llO. 

Besides the macroscopic density, neutron transport parameters are strongly dependent 
on the ortho:para ratio as well as on the neutron spectrum. We have adopted a 
Maxwellian distribution as a first order approximation to the actual spectrum, with 
different characteristic temperatures TM to simulate the spectrum hardening due to 
leakage in large buckling geometries. The results of our model for the neutron- 
transport-mean-free path 3ct, in liquid hydrogen and deuterium are shown in Figs. 6 
and 7, respectively, over temperature ranges centered around the accepted equivalent 
Maxwellian temperaturet17]. 

The dependence of h, on the ortho:para concentration in Hz is shown in Fig. 8, 
where our results (TM = 37 Kr7) are compared with W&z’s calculations. A 
satisfactory agreement between both evaluations is observed over most of the range, 
except in the high para- concentration limit where our model gives larger values. 

Finally, Fig. 9 shows calculated scalar fluxes for two concentrations of parahydrogen 
in liquid Hz at 20 K, together with Maxwellian distributions corresponding to 
T= 37 K. 

Conclusions 

We have applied the synthetic scattering formalism to produce a simple model to 
describe neutron scattering and transport in liquid HZ and Dz. Based on the analytical 
expressions derived from the model, we evaluated several magnitudes of interest in 
cold neutron source design. From the comparison of its predictions with the 
available information and its ability to produce in a fast way the scattering matrices 
for any desired physical condition, we believe that this model could be a useful tool 
for the above mentioned design and optimization work. 
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Fig. 7 Same as Fig. 6, but for D2. 
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Fig. 9 Calculated scalar flux in liquid hydrogen at 20 K. 

References 

1. G. L. Squires and A. T. Steward, 1955, Proc. Roy. Sot. (London) &%19. 
2. G. Sarma, 1960, Proc. Int. Symp. Inel. Scatt. of Neutrons, IAEA, Vienna. 
3. J. A. Young and J. U. Koppel, 1964, Phys. Rev. b&603. 
4. M. Utsuro, 1977, Z. Phys. B27, 111. 
5. H. Wiirz, 1973, Report KFK 1697. 
6. P. A. Egelstaff and P. Schofield, 1962, Nucl. Sci. Eng. 12,260. 
7. W. Schott, 1970, Z. Phys. 231,243. 
8. J. Keinert and J. Sax, 1987, Kemtech. 2,19; 

W. Bernnat, et al., 1988, Int. Conf. Nucl. Data for Sci. & Techn., Mite, Japan. 
9. J. M. Carpenter, et al., 1981, Nucl. Instr. Meti. 189,485. 
10. S. W. Lovesey, 1984, Theory of Neutron Scattering from Condensed Matter, 1, 

Clarendon Press p_ 269. 
11. J. R. Granada, 1985, Phys. Rev. m,4167. 
12. J. R. Granada, et al., 1987, Phys Rev. m, 5585 [I & 111. 
13. S. P. Tewari and K. Swaminathan, 1980, Phys. Rev. Lett. 45, 1344. 
14. J. R. Granada, 1988, Int. Conf. Nucl. Data for Sci. & Techn,, Mito, Japan. 
15. W. D. Seiffert, 1970, Report EUR 4455d. 
16. M. Utsuro and M. Heltzelt, 1977, Neutron Inel. Scatt., 1, IAEA, Vienna. 
17. P. Carter and D. M. Jones, 1972, J. Nucl. En. 26,237. 



511 
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The Berlin Research Reactor BER II at the Hahn-Meimer Institut is a swimming 
pool reactor. The BER II was operated at a power of 5 MW from December 1973 
until it was shut down in August 1985 for a general physical and technical 
improvement and upgrading. 

The neutron fluxes available at the beam mbe positions in the reflector will be about 
10i4n/cm2sec. The upgraded BER II will be a medium-flux neutron source for 
standard applications, such as neutron scattering, materials research, and activation 
analysis, the latter of which is used mainly for medical problems. 

The increase of the usable reflector-flux density by a factor of 10 is the result of the 
following: 

-The power of the reactor will be increased from 5 to 10 MW. 
*The fission density will be increased by reducing the core size from 64 to 42 

MTR fuel-element positions. 
aThe reflection efficiency will be increased by a beryllium reflector. The 

beryllium reflector, which is 30-cm thick, surrounds the core and produces a 
well pronounced flux peak about 5 cm from the core edge. To this flux 
maximum, 10 beam tubes will be adapted (a horizontal cut through the 
reactor is seen in Fig. 1). 

The flux density of cold neutrons will be further increased by a factor of 13 by a cold 
neutron source. Six neutron guides will feed a new neutron guide hall of 
approximately 1200 m2. 

The licensing authorities require backfitting according to current regulations for 
science and technology for technical improvement. A large number of guidelines and 
regulations concerning design, construction and operation of nuclear power plants 
have had to be followed. Thus, planning permission had to cover the energy supply 
system, cranes, fire protection system, the security system, the reactor control and 
safety system, and the storage facilities of fresh u&radiated fuel elements as well as 
spent-fuel elements. 

The upgrading program will be completed in 1988 and the operating license is 
expected in 1989. 
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The Hahn-Meitner Institut is one of the 13 national research centers in the Federal 
Republic of Germany. Basic research in close operation with the Berlin universities 
is the main task of the Institute. Thus, BER II is an important facility in this 
PmWam. 

The following neutron scattering instruments will be installed in the experimental 
hall (E) and neutron guide hall (V) respectively (see Fig. 2): 
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The upgraded BER II will continue to operate with HEU fuel (93.5 weight percent 
235U). However, the conversion to LEU fuel (less than 20 weight percent z3W in 
total uranium) is planned for the future. 
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ABSTRACT: Experiments of neutron diffraction, leakage spectrum and pulse 
decay have been carried out on a new geometry, heterogeneously poisoned, set 
of moderators and on conventional “sandwich” and slab moderators for 
comparison purposes. For a given time pulse width, great increase in neutron 
leakage intensity has been found in these assemblies, up to 2.7 times that of a 
sandwich moderator. Clues to implementation of desired time-response in 
moderator design and of further increases in neutron yields are suggested by 
present results. 

Introduction 

Since the early days of pulsed neutron diffraction, efforts have been aimed at 
producing ever more efficient devices to moderate the fast neutrons from an 
accelerator’s target down to the wanted range of energieW1. 

Development has found its way in different directions through the cooling of the 
moderator[31, or new geometries[41 and even new materiaW. Even old moderators 
have been restudiedt61 recently. 

Considering the subject is still open for innovation, we have undertaken the testing 
of a set of moderators based on a completely different design conception from those 
that are widely used today in pulsed neutron diffraction work. 

The moderator 

From our previous experience with thin moderators, we became convinced that their 
lateral dimensions are the determining parameters as far as time response is 
concerned. Consequently, a new system was conceived consisting of an array of 
small moderators placed side by side and decoupled by cadmium strips. The actual 
moderator concept is based on a Cd square grid with moderating material in the form 
of square base prisms inserted in the spaces defined by the grid. 

The present array differs from that studied by Day and Sinclair~~, which they found to 
be of no benefit in realistic experimental conditions, in that the depth of moderator 
elements is not restricted by the lateral size because they ure not defined as cubes. 

Throughout this work we will characterize each of the arrays tested by (a x a x b), 
where a and b are the lateral dimension (or “grid spacing”) and the moderator depth, 
respectively, both given as their most approximate value in inches for mnemonic 
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reasons. Also, the same symbol will identify each moderator in the graphs, as given 
in Table 1. 

Tabel 1 

MODERATOR SYMBOL 

SLAB 

(2X2X1) 

(1X1X2) I 
(1X1X1) A 
(1X1X1/2> 0 

SANDWICH w 

( l/2 x l/2 x 2 > !-J 
( l/2 x l/2 x 514 1 n 
( l/2 x l/2 x 3/4 > 0 

I -1 

The “sandwich” consists of a polypropylene pre-moderator slab 20 x 20 x 1.8 cm3, 
and a thin circular post-moderator 15 cm in diameter and 0.6 cm thick, decoupled 
from the pre-moderator by a 0.6 mm thick Cd sheet. The slab is polypropylene 
20 x 20 x 2.4 cm3. 

The grids are filled with paraffin because of ease of manufacturing, and their exact 
measures taken individually. Except on their emitting faces, all moderator systems 
were wrapped in 0.8 mm thick cadmium. 

Experimental 

Three types of experiments were performed: 

a) neutron leakage spectrum, measured by time of flight; 
b) thermal neutron pulse decay, as see by a 235U miniature fission chamber 

placed in the vicinity of each moderator; and 
c) neutron diffraction on a powdered copper sample. 

We will report here the results from the last experiment (c). Neutron diffraction 
measurements were done using our wide-angle backscattering diffractometer, which 
has a bank of 32 He-3 tubes arranged on a conical geometry dictated by a focussing 
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conceptt7]. The powder diffraction patterns were fitted with the use of a peak shape 
function developed some time agoL81. 

The pulsed neutron source is based on a 25 MeV electron linac with a cooled lead 
target. All moderators were placed at the same position within centimeters of the 
target in such a way that fast neutrons reached the assemblies from a face opposite to 
the emitting one (not as in a “wing configuration”). 

Results 

A part of the diffraction spectrum corresponding to the thickest representative of each 
moderator “family” (same a) is plotted in Fig. 1, where it is clearly seen that 
resolution varies with the value of a (or grid spacing) in an expected manner. 
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1050 1100 1150 

CHANNEL C 2 microsec. 1 

Fig. 1 Part of the diffraction spectra of powder copper as obtained with different 
moderators. Symbols are listed in Table 1. Lines are guides for the eye. Spectra 
have been arbitrarily displaced vertically for display purposes. 

The second result is not so obvious. Our peak shape function has two resolution 
parametemt8J: 

i> sigma, which collects the effects of all symmetrical contributions to the 
time distribution, and 

ii) alpha, which takes account of all non-symmetrical contributions and- 
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besides some minor effects-strongly reflects the time response of the 
moderator. 

As shown in Fig. 2, the alpha values naturally group into families belonging to each 
grid family, thus showing a clear tendency to grow with grid spacing rather than with 
moderator thickness. 
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Fig. 2 Fitted ALFA values for different moderators of two grid families (conventional 
symbols). 

The sigma values are all rather similar, as should be expected; nevertheless, they also 
show this “family” behavior and tend to grow in the same sense as the alphas, 
rendering a greater overall resolution for the smaller grid spacing systems than is 
accounted for by alpha alone. 

The moderators tested in this experiment do not reach a complete constant value of 
alpha in the lower side of the observed momentum transfer range. Nevertheless, a 
mean alpha value can be associated to the “quasi-plateau” region for each moderator, 
and those are shown in Fig. 3 as “ALFAm”. The well-defined tendency observed as a 
function of grid spacing constitutes one of the main results of this study, as it 
suggests the possibility of selecting the adequate value of (a) to match any desired 
time response for our moderator systems. For comparison purposes, the alpha value 
corresponding to our standard sandwich moderator is also included in Fig. 3. 
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Fig. 3 Trend of ALFAm with lateral dimensions of grid or of slab (see text for 
details). 

Finally, the relative neutron production is represented in Fig. 4. The areas of 13 
diffraction peaks, divided by monitor counts and normalized by the corresponding 
values for the sandwich, were summed up to give one point in the graph for each 
moderator. This magnitude still shows a tendency to grow with moderator thickness 
so that greater intensities can be expected for each grid with no important increase in 
time spread (Fig. 3). 

Nofigure of merit is proposed in this work, as it is not intended to find “the best” 
moderator; instead its purpose is to display the behavior of these moderator systems 
in terms of parameters that are relevant to design and optimization for specific 
situations. 
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Fig. 4 Trend of the relative neutron production as defined in the text, with lateral 
dimensions of grid or of slab. 
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Workshop summary on targets and moderators 

W. E. Fischer 
Paul Scherrer Institut 
CH-5232 Villigen 
SWITZERLAND 

Two subjects have been discussed quite in detail at this session: 

1. The neutronics performance of the LANSCE-target/moderator system by 
Grady Hughes and Jim Gilmore (LANL), and 

2. the cold-neutron Ds source at SINQ by F. Atchison (PSI). 

For the LANSCE target system, a very detailed Monte-Carlo mockup has been set 
up. The fluxes for neutrons at 1 eV have been calculated in absolute terms, i.e., 

n 

m2-p for various flight paths. 

Furthermore, using activation technique, the fluxes have also been measured. 
Remarkable agreement has been achieved as is shown in the following table: 

Flight Detection 
Path Distance (cm) 

: 3175 900 
7 1300 

Measured 
n 

2 
an -P 

at 1 eV 

4.4 5.2 x x 10-10 1O-9 
2.61 x 10-s 

calculated 
n 

2 
an -P 

at 1 eV 

4.95 6.17 x x lo-‘0 1O-9 
2.71 x 10-s 

In view of the complicated geometry of the LANSCE system, this agreement is 
satisfactory, indeed. Consider that this system consists of a split tungsten target 
with moderators the height of the target gap in slab arrangement, embedded in a 
nickel reflector. 

The essential points of these results are the following: 

*The fluxes per proton are more or less the same as those given for IPNS and 
ISIS, which both have uranium targets and moderators in wing-geometry. 
Hence, it seems, that the higher source strength of the uranium target is 
compensated by the stronger coupling of the moderators in slab 
arrangement. In the LANSCE system, the moderators view the target void. 
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Hence, there is some hope that the background will be as low as for the 
other systems. This remains, however, still to be shown. 

*The SINQ Dz cold-neutron source is a typical installation for a steady-state 
neuU‘on source. Dimensions and design are, therefore, hardly different from 
a reactor source. The basis of the design is an adaptation of the 
horizontally-mounted thermosyphon as used for the second cold-source at the 
ILL, Grenoble. 

*An essential aim in the design of the cold source for SINQ is to exploit the 
advantage of the lower heating of the vicinity of a spallation target. 
Therefore, special considerations of several items are worthwhile: 
(i) material distribution and flux optimization (e.g., re-entrance hole); 
(ii) cryogenics and thermohydraulics; and 
(iii) shielding and induced activations. 
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Detector development at the ISIS facility 

P. L. Davidson, E. M. Mott, N. J. Rhodes, and M. W. Johnson 
Rutherford-Appleton Laboratory 
Chilton, Didcot, Oxon, OX 11 OQX 
UNlTEDKINGDOM 

1. INTRODUCTION 

For many years the Rutherford Appleton Laboratory has had a neutron detector 

development programme. It was undertaken to see if the limitations inherent 

in conventional He3 detectors (their speed, efficiency at high neutron 

energies and rigid geometry) could be overcome by scintillator technologies. 

It was also underpinned by the fact that it can cost tens of millions of 

pounds to double the intensity of a neutron source but a few thousand pounds 

can in some cases double the performance of a neutron scattering instrument if 

its detection system is improved. 

The detectors developed up to the present date have been based on Li6 doped 

glass scintillator and have been successfully installed and run routinely on 

the HRPD, LAD and IRIS instruments at ISIS. In fact all the present ISIS 

instruments make use of the Li6 glass scintillator technique within their 

monitors - which comprise small beads of scintillator supported on fine glass 

filaments in a reflecting housing and viewed directly by a single 

photomultiplier tube (PMT) . The glass scintillators have performed well, with 

intrinsic backgrounds and y sensitivities within original specifications. 

However, it has become clear that on many instruments the neutron background 

is so low, it is these quantities that are the most important in determining 

the ultimate signal to noise achievable. 

To overcome the background and I sensitivity problems studies have been made 

of Li6 loaded ZnS scintillator. This has proved so successful that it is. 

likely this technology will form the basis of our detector prograxnae over the 

next few years. 

Zinc sulphide and Li6 (as LiF - 25% by weight) are held in a resin in 0.5 mm 
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sheets. We now have a company in the UK who can supply this material at 

- f0.15/cm2. The resultant material is largely opaque (only about 10% of 

normally incident light is transmitted) but - 20% of the light from a 

scintillation event at the centre emerges, and the figure is of course higher 

as the event nears the surface. It is therefore preferable to view both sides 

of the scintillator if possible. Despite the relative opacity the method 

works well because each neutron event produces - 50,000 photons, a figure 

about 10 times higher than than for the Li loaded glass scintillator. 

If a single sheet of ZnS scintillator is viewed directly by a photomultiplier 

tube the n efficiency is - 20% at a wavelength of IA, while the r-sensitivity 

and intrinsic background are essentially zero. This is because the pulse 

height of the neutron event is very large compared to that for ys (see Figure 

1) and by suitable choice of discriminator level the 7 sensitivity can be 

reduced to 10 -1 or 10 -8 without substantially lowering the neutron count. For 

detectors that use more complex geometries, the light received by the PMT is 

very much reduced. This results in a train of single photo-electron pulses 

from the PM’? that must be integrated to identify neutron event reject 7 

events . This type of design has slightly worse gamma rejection (10m6), and 

longer dead times (2-5 psec), but can provide detectors with high 

resolution - 3 mm and detectors with high neutron detection efficiency. 

spatial 

Fig. 1 Pulse height of neutron event. 
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3. APPLIcBTIoNs 

Test modules currently being constructed for the SANDALS instrument which 

requires very good efficiencies at high neutron energies together with a need 

for large detector areas (a total of 3 m2 is required). The result is the 
module shown in Figure 2. Interestingly the light emitted from the 
scintillator elements scatters between the parallel sheets at a grazing angle 

with good efficiency. Figure 3 shows the relative efficiency of such a device 

compared with a He3 tube. It has an absolute efficiency of 50% at 10 eV, 

representing a gain of - 3.5 over a conventional He3 tube. It is also 

relatively cheap to make. Estimates of component costs are in the range El10 

per 20 x 1 cm detector, plus E80 for electronics and HT supplies. 

R- 

Fig. 2 Test module for the SANDALS instrument. 
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Fig 3. Relative efficiency comparison. 

Finally, it should be pointed out that the ZnS scintillator is highly suitable 

as a material for constructing area position sensitive detectors. We have 

built a prototype area detector with 5 nun resolution over and area of 

100x100 mm, in which individual detector elements are viewed by optic fibres. 

This compares very favourably with the glass scintillator Anger Camera 

technique, as shown in Figure 4, where the (0 0 20) from SrF2 is shown as an 

observable peak when recorded by the ZnS detector. Signal to background 

ratios are often in the region of several thousand to one and this is 

illustrated in Figure 5 where the (001) reflections from SrF2 are shown on a 

log scale. As final illustration of the low noise characteristics, Figure 6 

shows an inelastic feature recorded on the ZnS module in an off-Bragg 

position. As far as we know peaks of this sort have not been recorded in 

position sensitive area detectors for single crystal samples before. 
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D-spacing (Angstrom) 

Fig. 4 ZnS module tests-short d-spacing response. 
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Fig. 5 ZnS module tests-short d-spacing response. 
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Fig. 6 ZnS module tests-short d-spacing response. 

4. coNcLrJsIm 

The use of zinc sulphide scintillators opens the possibility of building 

cheap, efficient neutron detectors which should have a profound effect on the 

performance of future neutron scattering instruments. If the potential for 

building two dimensional position sensitive detectors is realised it will 

provide a tremendous step forward for single crystal instrumentaticn. 



New KENS data acquisition system 

529 

M. Arai, M. Furusaka, and S. Satoh 
National Laboratory for High Energy Physics 
l-l Oho, Tsukuba-shi, Ibaraki 305 
JAPAN 

1. introduction 

Measurements made using the pulsed neutron technique have the advantage of a wide 
dynamical range in Q-o space with multiple scans along the loci defined by the 
kinematic constraint. The measured TOF data, however, do not give direct results in 
Q-o space because the data is obtained as a function of time-of-flight (TOF) and 
modulated by the incident neutron spectrum; also, the scanning path does not have 
simple loci in Q-o space. This is clearly different from a measurement at a reactor 
using a constant wavelength technique. Therefore, it is important to make on-line 
analysis during the data acquisition phase of an experiment to understand the results 
obtained. 

The best science often requires that a number of neutron techniques are used on the 
same material. Sometimes it becomes necessary to use two or more spectrometers 
for a given sample because most instruments at a pulsed-neutron facility are 
optimized to make measurements in specific areas of Q-o space. Thus, it is also 
important to have a data acquisition system with the same user interface for all 
spectrometers. 

Furthermore, it is helpful for visiting experimenters to finish the necessary data 
corrections during their stay at the facility and take the data in a reduced form to their 
home institute for further analysis because dam obtained back at a pulsed-neutron 
facility usually include enormous amounts of bytes and various wave-dependent 
correction factors. For this purpose adequate CPU power is required. 

By satisfying the above requirements on a data collection and manipulation system, a 
pulsed-neutron facility can be more easily used by outside users and is more 
competitive against a continuous neutron source. 

Experimenters need various capabilities both during and after a run to facilitate the 
discussion of results and the preparation of manuscripts. Some of these capabilities 
include word-processing programs, drawing and quick-graphing software, and a 
method for conveniently doing calculations. For all these purposes, we need 
intelligent and user-friendly workstations. 

In this report we discuss a dam acquisition system, KENSnet, which is newly 
introduced to the KENS facility. 
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2. Required performances for a data acquisition system 

To estimate the required disk storage and CPU power, we consider the data collection 
rate and turn-around time for preliminary data analysis in the case of the small-angle 
neutron-scattering instrument SAN, which gives the highest data-collection rate 
(word/hour) at KENS. 

2.1 Data collection rate 

We show the data-collection rate at KENS in Table 1, where 4 bytes are allocated per 
channel. One histogram of about 0.36 Mbytes (91 K channels x 4 bytes) is taken 
within 1.5 hours, and the accumulated data becomes 650 Mbytes per year. Data are 
usually analyzed within three months, so roughly 160 Mbytes are necessary for 
temporary disk storage. 

SAN TOP LAM HRP MRP RAT PEN MAX HIT 

obfain one histogram 01) 

Data Collection Rate: 
wotdsJhour 60,757 4,864 1,621 7,200 12,000 1,600 i,731 205 25,ooO 4,096 13,107 40,000 
Mbyte/day 4.86 0.39 0.13 0.58 0.96 0.13 0.22 0.02 2.00 0.33 1.05 3.20 

Mbyte/year 1 656 53 18 78 130 17 29 2 270 44 142 432 

Table 1 Data collection rate in the KENS. nt is the number of time channels, nd is 
the number of detectors. SD is a single detector. PSD stands for a linear position- 
sensitive detector. 

During the measurement, the two-dimensional data of 0.36 Mbytes are to be 
converted to S(Q) in a short time, e.g., one minute. This requires I MIPS of CPU 
power from our experience. 

So we put criteria at about 1MIPS for CPU speed and 150 Mbytes for storage 
capacity for a computer per spectrometer. 

3. Data acquisition system 

3.1. Computing system 

We chose models from the VAX family of computers with their proprietary 
operating system, VMS. The computers are made by the Digital Equipment 
Corporation and used world wide by other neutron scattering facilities. Most 
important, the VMS operating system has a very user friendly interface and is well 
suited to instrument control applications. A hub computer, VAX 8350, has 16 
Mbytes of main memory, about one Gbyte of disk storage, and about 2.5 MIPS of 
CPU speed. Data acquisition computers (DAC) are VAX station II/GPX’s. They 
control the data acquisition electronics (DAE). There are eight DAC’s, which have 
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the following: 5 Mbytes of main memory, one or two of 140 Mbytes disk storage, 
and about 1 h4IPS of CPU speed. The CPU power of the DAC is enough to make 
preliminary data analysis during the experiment to understand the results. The disk 
storage of DAC is enough for the required data amount. The layout of the total 
system is shown in Fig. 1. 

KENS-net CPMV 
Data Aapisition Room .-._.. 

t Ethernet (IOMbaud) % 

Fig. 1 Diagram of the new data acquisition system KENSnet. 



532 KENS data acquisition 

These computers are connected by a network (Ethernet; 10 Mbps) and form a local 
area VAX cluster (LAVc). An operating system (VAX/VMS) resides only on the 
hub computer (boot member), and all the other DA0 (satellite members) use the 
operating system through the network. Therefore, maintenance is done only on the 
operating system of the boot member, and this saves a lot of time and man power 
for system management. On the occasion of the shutdown of the boot member, the 
satellite member can start up by itself. Therefore, there is no risk of cluster-wide 
failure caused by a single machine. The LAVc is also very convenient because any 
disk in the cluster can be accessed from any VAX as if it were a local disk of its 
own. Each CPU is shared flexibly by batch jobs entered within the local area 
cluster, which gives effective use of the total CPU power. 

The front-end computers (FEC), Apple Macintosh Plus and Macintosh II, were 
chosen for their user-friendly manipulation and intelligence. These are connected to 
AppleTalk or Ethernet (Fig. 2). Users can manipulate very easily plotting and 
drawing tools, and can do convenient calculations using results corrected by the DAC 
for discussion and other considerations. Both word processing for manuscripts and 
controlling DAC’s using emulated terminals ( VT100 / Tektronics 4014 emulation ) 
on behalf of experiments can be done. These functions of the front-end computer, so- 
called “work stations,” are important to achieving efficient experiments. 

3.2 Networking 

The VAX computers are connected by a DECnet network mediated by Ethernet; 
Macintosh computers are connected by AppleTalk. By introducing a gateway, 
KINETICS’s FastPath, and a communication program, Alisa-System’s AlisaTalk, 
both types of computers can communicate with each other. Certain files on a VAX 
disk can be accessed from the Macintosh, and applications software for the Macintosh 
can be down-loaded to the VAX. 

Laser printers on the AppleTalk network can be used from both the Macintosh and 
VAX computers. The Macintosh controls the DAC through a terminal server on 
Ethernet or through Ethernet directly using TCP/IP protocols. 

On the other hand DECnet extends to the central VAX computers in the Laboratory 
and to the world through HEPnet (network for High Energy Physics). We can 
communicate with other foreign institutes. The Ethernet also links us to the 
mainframes (HITAC, FACOM) of the Central Computer Division, and those are 
used for heavier calculations, analysis, and Bitnet services. 

Users in outside institutes can access KENSnet through telephone modem links, a 
packet-switching network (DDX-P), or HEPnet. 

3.3 Data acquisition electronics (DAE) 

We have developed new CAMAC-based data acquisition electronics (Fig. 3). A Gate 
module receives a signal of proton extraction time from the accelerator and checks 
the veto signals from the sample environment equipment (vacuum, temperature, 
chopper phasing, etc.). Then the enable signal is issued to a Delay-Time module. A 
Time-Control module starts timing from the delayed start signal from the Delay- 
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Micro- to Mini- Link 

l Terminal emulation 
through various protocols. 
VT1 00, VT240 
Tectronix 4014 / 4105 
IBM 3270 through TCP/IP 

l Use VAX disks as 
Macintosh file server. 

l File transfer between 
VAXes and Macintoshes. 

l Edit VAX files from 
Madntosh’s own editor. 

l Print VAX files to Apple 
Laser Writer 

l Launch VAX applications 
from Macintosh’s desk top 
in near future? 

VAX 8350 

Ethernet 
Fast Path : 
Ethernet 

t 
AppleTalk 

Bridge 

Teminal 
Server 

Apple Macintosh 

r 3 

$ VT100 
-+ 
$ Tek 4014 

I 

Fig. 2 Diagram of Macintosh/VAX link. 
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Time module and distributes an encoded time-boundary address to Memory modules 
at the preset times, enabling the Memory modules to accumulate data histograms. 
There are two types of Memory modules, which have 4 or 8 inputs for a detector 
signal. One Memory module has 16 K words (16 or 24 bits), which is shared by 2 
to 4 or 8 histograms. To match the time resolution with other contributions, the 
time boundary of the Time-Control module and the delay time of the Delay-Time 
module can be set by the DAC flexibly in arbitrary width with the minimum step of 
62.5 ns and minimum base width of 0.5 or 1 ps. 

CAMAC Modules 

encoded time boundary 
address signal 

CAMAC Crate 

Veto signals 

I 

Signals from Detectors 
I Enhble I 

To next Crate 

delayed 
signal Proton Extruction 

start signal 
Time Signal 

Fig. 3 Diagram of the new data acquisition electronics. 

We inherited the traditional concept in KENS data acquisition electronics, i.e., one- 
to-one correspondence of detector-to-histogram relation. This method needs 
enormous data storage in some cases; however, our low-cost, high-performance 
memory modules enable us to realize the above concept. We can manipulate the data 
and reduce them for certain purposes after the experiment, which provides a high 
degree of flexibility in the data analysis and reduces a risk of troubles from noisy 
detectors. 
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CAMAC crates are connected to the DACs via a pair of KINETICSYSTEMS 
CAMAC Crate Controllers and Q-Bus Adapters, which lets us put CAMAC crates 
up to 150 meters from the computers. We can accommodate up to eight crates. 

Sample-environment control is done by GP-IB devices, which are connected to the 
DAC via GP-IB extenders, enabling very long cables (up to 1.8 km) to be used. 
Sample environments, such as temperature and magnetic field, can easily be 
controlled by commercially available GP-IB devices. 

3.4 Software of new data acquisition system 

The data acquisition control program (ICP) and the general data analysis program 
(Genie) were both developed at ISIS1*21 and have been installed in the new data 
acquisition system. They give the experimenter “user-friendly” data acquisition and a 
good environment for data manipulation. The ICP controls the DAB and transfers the 
histogram data into the computers. 

The hardware-dependent parts in the ICP were modified to fit the DAE system at 
KENS. The modified ICP allows the use of different kinds of DAE depending on the 
detector system, e.g., position-sensitive or single detectors. As Genie is independent 
of hardware environment, only minor changes were performed to the data size. 

All of the software used on the Macintosh computers is commercially available: 
terminal emulation software for the VT100 and Tektronics 4014, which controls 
DAC as a terminal and transfer files between FEC and DAC; DECnet AppleTalk 
linking software, which allows communication between FBC and DAC and gives 
file-serving and print-spooling environments. Also, spread-sheet and quick-graphing 
software conveniently manipulates corrected and reduced data. 

4. Discussion 

The compatibility with ISIS in data acquisition and analysis is very important in 
achieving excellent UK-Japan collaboration. Japanese scientists can immediately 
start their experiments at ISIS, and the analysis of data taken at ISIS can be 
continued in Japan. This system saves a lot of time for the scientists in the 
preliminary steps of an experiment and in the later stages of data analysis. 

Now all the pulsed spallation neutron facilities-ISIS, ANL, LANSCE and KENS- 
have the same proprietary operating system, the VAX/VMS. We can circulate or 
exchange analysis programs between the facilities and run them without any 
difficulties. 

Intelligent work stations are a great convenience to the experimenter. So far, data 
acquisition systems have been designed only for controlling data acquisition 
electronics and analyzing dam. However, we often need quick graphing, curve- 
fitting, and calculations to determine the next direction of the experiment. Much 
excellent software for these purposes is commercially available for the Macintosh 
computer. We can use such functions without writing any programs. By 
combining these general-purpose, convenient programs for the FEC and the data 
acquisition programs for the DAC, we create a high performance and very effective 
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data acquisition system. This set-up represents the most significant difference found 
between us and other neutron facilities. 
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Future data acquisition at ISIS 

W. C. A. Pulford, S. P. H. Quinton, M. W. Johnson and J. Norris 
Rutherford Appleton Laboratory 
Chilton, Didcot, Oxon 
UNITED KINGDOM 

Introduction 

To some extent at ISIS we are becoming the victims of our own success. Over the 
past year ISIS beam intensity has increased steadily to 100 microamps during periods 
of good running. With the instrument users finding it comparatively easy to set up 
data-collection runs, we are facing an ever increasing volume of incoming data. 
Table 1 illustrates this point by showing the data volumes collected by the scheduled 
instruments during the weekend of September 10 and 11,1988. 

Note that the figures for HRPD do not include contributions from the now functional 
90” detector bank, which might easily triple the data volume from this instrument. 
Moreover, the problems involved with digesting this data input will be exacerbated 
by the introduction of new instruments, such as the single crystal diffractometer 
(SXD) and the high intensity powder diffractometer (HIPD, still at the design stage)- 
both of which have large area detectors, up to 100,000 elements in the latter case. 
The data format of these instruments has been discussed in a paper delivered by M. 
W. Johnson at ICANS-IX. Greatly improved detector technology, mainly involving 
large areas of zinc sulfide phosphor, are expected to contribute much to the capacity 
of these instruments as well as provide an enhancement path for many of the existing 
ones. It is clear that we are fast reaching the point where if we continue to use our 
current technology data collection techniques, our computer systems will no longer 
be able to migrate the data to long-term storage, let alone enable their analysis at a 
speed compatible with continuous use of the ISIS instruments. 

Overcoming the data volume barrier 

Before describing the methods that we will employ to overcome the data problem, I 
will briefly refer to our current data acquisition electronics (DAE 1) and migration 
path. These are illustrated schematically in Figures 1 and 2. This system does work 
extremely effectively, but experience has indicated a number of inherent difficulties: 

(a) Seven instruments are still equipped with VAX 1 l/730 computers as their 
Front End Minicomputers (FEM). Unfortunately, these machines usually 
possess insufficient processor power to perform some of the more complex 
initial data reduction. This frequently means that the raw data have 
necessarily to be networked to the HUB computer before analysis may be 
performed. Currently, we send all data to the HUB, anyway, as a matter of 
policy. 
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Table 1 Data volumes at ISIS for 10-g-88 and 1 l-9-88. 

Instrument Type of instrument Number of Approx. size Total data 
E-elastic I-inelastic datasets of datasets volume(blocks) 

HRPD 

FIET 

LOQ 

IRIS 

TFXA 

CRISP 

LAD 

POLARIS 

E-High resolution 
powder diffractometer 

I-High energy transfer 
spectrometer 

E-Low angle 
spectrometer 

I-High resolution 
inelastic spectrometer 

I-Time focussed 
analyzer 

E-Neutron surface 
reflectometer 

I-Liquid and amorphous 
diffractometer 

I/E-Polarized neutron 
diffractometer 

119 3,000 390,000 

17 3,100 54,000 

15 4,400 65,700 

5 4,400 

3 650 

25 

1 

4 

50 

1,570 

1,000 

22,000 

1,950 

1,350 

1,570 

4,000 

Total 540,570 
(270 Mbytes) 

b) The size of the bulk store memory, in which histograms are stored, is 
restricted to 16 Mbytes by the 24-bit address field of the Multibus in the 
system crate. This limits the complexity of experiments available to the 
instrument scientists, 

c) The DAE error detection and analysis system of the FEM is crude and 
renders the process of monitoring and correcting hardware errors non- 
straightforward. 

It is clear that the most effective method to improve on this situation is to reduce the 
data volume flowing between the DAE and the FEM and to provide facilities to 
monitor data acquisition within the DAE. For these purposes we must incorporate 
processing power closer to the point of data collection. Our preliminary thoughts as 
to how we might proceed are set out in the ICANS paper previously mentioned. 

The next generation data acquisition electronics (DAE 2) 

We have now decided to implement the processing elements within DAE 2 in the 
form of intelligent memory boards illustrated schematically in Fig. 3. The CPU 
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Existing data acquisition electronics. 
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Fig. 2 Current ISIS data migration path. 

engines to be employed are TRANSPUTERS rather than Motorola 680x0 or 
National Semiconductor NS32032, mainly because we have not been able to find a 
commercially supported multiprocessing and multiprocessor operating system for the 
latter serial processors; whereas, from the second quarter of 1988, a variety have been 
available for the T4 and T8 transputers. Moreover, transputer architecture 
automatically lends itself to increasing overall processing performance by simply 
configuring further transputers in parallel using the links. Despite the flexibility of 
the transputer-link architecture, it was deemed necessary that the DAR la remains 
based on a databus because the 300 ns read/modify/write cycle of the T800 and the 
peak link speed of 1.5 Mbytes/second would impose too great a practical limitation 
on the allowed data collection speed should only the links be available. 

The major enhancements desired for DAR 2 compared with DAE 1 are as follows: 

a) The address bus should be at least 32 bits wide to enable enough memory to 
be configured for all experiments in the future. 

b) The databus components should be capable of read/modify/write cycles at 
greater than 4 Mhz in anticipation of future data rates in excess of the 
current value of 1 Mhz. The higher bus speed would also prevent online 



ISlS fuiure data acquisition 541 

INTELLIGENT MEMORY BOARD 

I MULTIBUS 
OR VMEBUS 

32 BIT INTERNAL BUS n 
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BULK STORE 

MEMORY >8 Mbyte 

Fig. 3 New intelligent DAE board. 

data analysis from competing with data collection for the available bus 
bandwidth. 

c) It may eventually be necessary to install a software programmable unit 
(descriptor processor), which maps the time of arrival and the position on 
the detector of a neutron event to the memory location to be incremented. 
This is occasioned by such instruments as HIPD, which have the capacity to 
map uneconomically large amounts of memory using the current relatively 
inflexible descriptor generator technology. Plans for the descriptor processor 
unit are not far advanced at this point, but it is reasonable to expect to use 
digital signal processors such as the Motorola DSP 56000, which are 
efficient at performing the type of multiply/accumulate functions we will 
require. 
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(9 Scientists increasingly need to inspect the data as they are accumulated, 
particularly with reference to finding peaks and assessing the optimum 
duration of a run. With this in view, it is planned to incorporate a real time 
graphics display within DAR 2. 

These requirements lead to the probable future DAR layout illustrated schematically 
in Fig. 4. 

Our current evaluation systems 

In implementing DAR 2, we are attempting to preserve as much of our original 
intellectual and financial investment in DAR 1 as possible. Consequently, for the 
moment we have concentrated our efforts primarily on the system crate. This crate is 
the part of the data acquisition system interfaced to the EM that controls data 
collection processes, 40-bit neutron event descriptors from the instrument crate, and 
histograms them in bulk memory. Our fist evaluation system, known as DAR la 
is illustrated schematically in Fig. 5. Here we have made the minimum change 
necessary consistent with the overall plan since we have replaced the Multibus bulk 
store memory with in-house designed intelligent memory boards, each containing 
1 Mbyte of RAM and one transputer. This enhancement is currently operational and 
will be available to ISIS instruments from the start to 1989. I expect this to be a 
major platform on which the necessary advanced software will be developed. We 
selected the CAPLIN QTO as the interface between the transputer and the VAX 
mainly because it was the only one available that fulfilled our requirements. 
Nevertheless, this technically advanced board does have valuable properties, such as 
the ability to support three transputer systems, and a reasonably fast link to QBUS 
data rate. An interesting feature of DAE 1 is that it offers two routes for the transfer 
of data to the FEM, via the original computer interface (CI) or using the transputer 
link. The best attainable data rates for the two routes are 120 Kbytes/second for the 
CI and about 100 Kbytes/second for the link. 

At the same time as developing DAE la, a closer approximation to DAR 2 is being 
assembled. It is shown schematically in Fig. 6. The VME bus was chosen for the 
following reasons: 

It has 32 bit addressing and, in principle, supports bus speeds well in excess 
of the required 4 Mhz. The bus also supports read/modify/write as a single 
bus operation. 
There is considerable commercial support for VME technology, particularly 
for the provision of functional boards. This may be important in the choice 
of graphics processors. 
VMR systems are much less expensive than the main competitor, which is 
FASTBUS. 

The intelligent memory board used in this DAR 2 is the commercial INMOS 
BOO1 1 board, which has stations for three transputers but has only 2 Mbytes of 
onboard RAM. The shortage of RAM in the BOO1 1 or the need to reduce costs may 
eventually cause us to build an analogous board possible with fewer processors and at 
least 8 Mbytes of memory. Apart from this, the first major hardware design effort 
will be to produce a VME-based memory incrementer capable of receiving the output 
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Fig. 4 Probably future DAE layout. 
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of the current descriptor generator. The future migration path away from DAE 1 to 
DAE 2 is clearly to reimplement the functional boards from the Multibus crate to 
the VME crate in bottom to top order in Fig. 6. This process may hopefully be 
accomplished gradually and with the minimum of disruption to the instruments’ 
operation. 

DAE 2 software 

We propose to write most of the software within the advanced DAE using a parallel 
implementation of the C language called multi-C. This supports multiple C 
processes programmed on an arbitrary configuration of transputers. The C language 
was chosen rather than the major alternative, OCCAM 2, for two reasons: 

a) Many more of us are conversant with the language. 
b) OCCAM 2 is generally supported by a system called TDS. We found this 

system to be extremely awkward to use, particularly from its normal host, 
the IBM PC. The folding editor, although elegant in concept, does not 
appear to us to be conducive in association with the language itself in 
producing major software systems. 

In developing the software, we must pay great attention to trends within the 
computer industry, particularly with respect to user interfaces. In the systems area, it 
would be valuable if the DAE 2 were cluster sharable. An entertaining area might be 
to implement an MSCP analogue on the DAE 2 processor responsible for 
communications. (MSCP is Digital’s proprietary mass-storage subsystem protocol.) 
To facilitate user applications for the DAE processing power, it may be valuable to 
implement at least part of the X-windows X protocol. This implementation would 
be supported by DEC themselves in the C language by the DEC-windows migration 
package. 

The required software functionality changes, depending on the time domain of 
operation. While data are being collected, the main functions would be: 

a) Supporting interactive peak searching for the purposes of monitoring data 
collection; checking instrument alignment and estimating optimum run 
duration. 

b) Performing hardware-system-error checking. This would entail such activity 
as checking for time-dependent inconsistencies in the data as collection 
Proceeds 

At the completion of a run, the emphasis of the software changes to compression 
and/or analysis of the collected data. In the cases of some instruments the data 
analysis doubles as a very powerful data compression. Two examples illustrate this 
point. On HRPD, spectra of adjacent detectors have similar profiles, but are phase- 
shifted by an amount dictated by the geometry of the machine. Large reductions in 
data storage requirements may be achieved by performing this phase shift using the 
DAB processors prior to data migration to the FEM. (This shift may eventually be 
accomplished using the programmable descriptor processor mentioned in Fig. 4.) 
With access to large amounts of processing power, it would also be possible to peak 
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search the sparse data collected by a single crystal diffractometer and produce a 
potentially enormous reduction in dam volume, However, even in less helpful 
situations, much compression may be performed by empirical methods, which make 
few prior assumptions about the data. The two most promising methods investigated 
so far are storing the dam in a format analogous to a VMS descriptor and incremental 
byte packing. In the former case contiguous dam points with the same value are not 
all stored but rather are abbreviated to a descriptor defining the dam type (e. g., 
BYTE, WORD, LONG-WORD), a value count and a value field. The strategy may 
be extended to values which differ by less than the standard deviation from their 
mean, provided care is taken not to miss weak trends in the data. The second 
compression strategy depends on the difference between any two adjacent data points, 
not exceeding 256 for byte operations. Here only the initial value is stored in a 
whole word and the remaining data are stored as incremental bytes. 

I expect the DAB 2 processing power to be used not only for the above-mentioned 
tasks, but also for analysis functions such as Rietvelt-profile refinements. To this 
end it is the intention to provide a set of software tools resident within the transputer 
domain but accessible to the instrument user, quite possibly via the popular GENIE 
data-reduction suite. This package is currently being rewritten to include better 
functionality, particularly with respect to access to windowing; hence the suggestion 
of an X-windows interface to DAE 2. 
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Workshop summary on data acquisition 

R. Nelson 
Los Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 
USA 

Two presentations were given during the data acquisition session of the ICANS X 
conference. Bill Pulford of the Rutherford Laboratory and Gary Cort from Los 
Alamos delivered formal talks. The latter included a demonstration using a DEC 
workstation. 

Generalizing the presentations and ensuing discussions, I feel that the first generation 
of data acquisition systems for pulsed neutrons sources may expect some significant 
changes in the next two years. There are principally four factors driving these 
changes. First, neutron scattering facilities have been operating now for several years 
and experience with higher neutron intensities has revealed certain operational 
problems. Second, the computer technology underlying our data acquisition systems 
continues to advance rapidly and to offer better alternatives for our applications. 
Couple technology changes to the imagination of users and system implementers, 
and change is inevitable unless constrained by the costs for change. Thus, 
imagination and cost are the third and forth factors contributing to predicted changes 
for data acquisition systems. 

In the hardware area, changes will be significant. First, systems using Multibus I 
modules, e.g., IPNS and ISIS, are experiencing growing pains as memory 
requirements push into the 16 Mbyte memory addressing limit imposed by this 
architecture. Memory demands are rising with the increased use of position-sensitive 
detectors. Large memory capacity is a common requirement in data acquisition 
systems, and designers should expect to provide systems supporting 32-bit 
addressing. Costs for memory continue to decline as technology delivers ever higher 
densities in RAM chips. 

Second, processing power at the front end is too limited. Either the performance is 
sufficient but data handling is inflexible, or performance is inadequate but flexible. 
Currently, processor performance problems are apparent in two roles: descriptor 
generation and data formatting. Increased memory utilization further aggravates the 
problems for both of these functions. For descriptor generation, users want to see in 
real-time or near-time meaningful results for experiments in transformed physical 
coordinates. Waiting several minutes for the host to prepare an image is not 
acceptable. Data formatting at the end of the run is becoming a bottleneck for data 
acquisition. With increased intensity, the runs are becoming short enough that 
spending 3 to 5 minutes saving the data can consume 25-50% of the beam time 
allocated to an experiment. Additional front-end processors may alleviate this 
difficulty. While the cost of the microprocessors decreases as their computational 
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power increases, there remains some expensive software to be written to realize these 
potential benefits. 

Third, on-line archive capacity for stored data will be greatly increased by exploiting 
optical disk technology. With access times for arbitrary files under 20 seconds, 
automated robotic systems with capacities of up to 500 to 1000 Gbyte will be 
available. Such systems would cost on the order of $lOOOK a few years ago, but 
today can be found for one quarter of that cost. 

The last major impact of hardware change is strongly coupled to software change as 
well. Expect to replace terminals with graphics-oriented interactive workstations. 
Generally, such workstations include a multi-window work surface (screen) and a 
pointing device (mouse). The computation power in a single workstation today 
rivals that of the VAX 8600, which is often dedicated as the centralized data analysis 
computer. The graphics capability enables the use of alternative interfaces frequently 
regarded as significantly more friendly to the novice user, e.g.. the Macintosh 
interface. Because old ways will die hard and experts will want shortcuts around 
menu-driven protocols, terminal-like commands must be included in all future 
software-interface strategies. While the costs of workstations will exceed the costs of 
graphics terminals by a factor of four, keep in mind that the requirements for the 
central analysis computer will significantly diminish. Costs for the user friendly 
interface may be high initially as we mount the learning curve of this new 
technology. 

In conclusion, technology has provided feasible and affordable solutions to many 
problems posed by the neutron-scattering community. But there is mounting 
evidence that some “cultural” changes may be required. While it may be feasible to 
capture and save a,50 Mbyte data fide five times an hour, is it a reasonable thing to 
do? Perhaps science is adequately served by saving some derived quantities, and 
discarding most of the raw data. Combining and reducing histograms may not only 
be desirable but essential, least the experimenter be hopelessly buried in data. 
Equally well, can the neutron-scattering community evolve from a terminal-oriented 
society as earlier it evolved from a card-punch society? 
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ABSTRACT: Possible upgrades to the ISIS moderator configuration are 
discussed in the light of the current and projected instrument suite. 

Introduction 

The current ISIS moderator configuration, shown in Fig. 1, was designed in 1980 to 
provide a flexible set of beams for a hypothetical instrument suite. The use of fluid 
moderators at three different temperatures offering six faces to the instruments, see 
Table I, has proved to be effective. I11 In this paper we discuss an upgrade of these 
moderators in the light of the current and projected instrument configuration. 

Table I ISIS moderator-instrument configuration 

Beam Moderator 
Sl Hz0 (Gd at 3.0 cm) 
s2 Hz0 (Gd at 3.0 cm) 
s3 Hz0 (Gd at 3.0 cm) 
s4 Hz0 (Gd at 2.2 cm) 
s5 Hz0 (Gd at 2.2 cm) 
S6 CH, at 100 K 
s7 CHq at 100 K 
S8 CI& at 100 K 
s9 CHq at 100 K 

Instrument 
POLARIS 
eVS 
SXD 
- 
- 
MAR1 
LAD 
HRPD 
TEST 

Nl 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
N9 

Cl&at 1OOK 
CHq at 100 K 
CI& at 100 K 
Hzat25K 
H,at25K 
Haat25K 
Hz0 (Gd at 1.5 cm) 
Hz0 (Gd at 1.5 cm) 
Hz0 (Gd at 1.5 cm) 

SANDALS 
PRISMA 
- 
CRISP 

IRIS 
- 
TFXA 
HRT 
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Change in poison depth for beams Sl, S2 and S3 

The southwest comer group Sl, S2, S3 currently views an ambient water moderator 
poisoned at a depth of 3 cm. This group was designed to optimise the thermal 
intensity at the expense of lineshape. This was originally felt to be the appropriate 
configuration for polarisation tests on POLARIS and the development of single 
crystal studies on SXD. The eVS spectrometer only utilises the slowing down part 
of the spectrum, which is independent of poison depth. 

The new use of POLARIS is as a medium-resolution powder diffractometer. This 
would greatly benefit from having the lineshape in the thermal region improved from 
the current 30-ps decay to a 20-ps decay (see Figs. 2 and 3). SXD would similarly 
be improved. Neither of these diffractometers is intensity-limited at 100 yA 
operation. Again current uses of eVS are neutral to such a change. 

We propose to reduce the poison depth on the south side of the ambient water 
moderator from 3 cm to 1.5 cm. This will be accomplished by replacing the entire 
moderator vessel early in 1989. 

Cold beam lines at ISIS 

Successful instruments have been built on all three of the beam lines that view the 
25 K hydrogen moderator. The construction of a double guide on the IRIS beam is a 
long-term option to provide a new cold beam, but there is an immediate demand for a 
new cold beam for CRISP-II (a reflectometer optimised for liquids work with *lO the 
intensity of the current CRISP). It would be possible to site CRISP-II on S4 if this 
beam could view the back of the hydrogen moderator. The initial flexibility of the 
ISIS moderator assembly allows each line to view any moderator. The 
beryllium&O reflector layer in the plane of the lower moderators would have to be 
replaced, see Fig. 4, and the window on the target station void altered to permit S4 to 
view a lower moderator. Such changes were anticipated on the original design. The 
change in performance of the front face of the hydrogen moderator would be less than 
10%.[21 

A design study will begin shortly on a new reflector layer to allow S4 to view the 
back of the hydrogen moderator. 

improved pulse shape for HRPD 

HRPD currently has a 35-j.ts decay constant in the thermal region. A significant 
improvement in its performance could be obtained if this were reduced to say below 
20 ps. This is possible in two ways. 

Firstly, by reducing the poison depth. Studies show (see Fig. 5)f3] that a l-cm 
poison depth would give a decay of less than 20 ys at the expense of a factor of two 
in thermal flux. The effect of this on LAD, MAR1 and S9 would have to be 
determined. Such a change is not as simple as altering an ambient moderator and 
might require the development of significant remote handling expertise. 
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Fig. 3 A comparison of the lineshape from the various diffractometers at ISIS. The 
advantages of the 1.5 cm poison depth (HET) over the 3 cm poison depth (POLARIS) 
are obvious. 

A second approach is to change the moderator material from 95 K liquid methane to a 
20 K methane slurry in liquid hydrogen or a liquid-hydrogen-cooled metal hydride. 
Such moderators would suppress the effects of thermalisation but might still 
maintain the high hydrogen density necessary for a good epithermal pulse shape. 
These concepts would require a major development programme on new moderator 
materials. 

The impact of a reduced poison depth on LAD and MAR1 will be investigated as will 
the potential of high-density, low-temperature moderating materials. 
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Fig. 5 The calculated behaviour of the exponential decay constant z as a function 
of the gadolinium poison depth in a 10 x 10 x 5 cm3 liquid methane moderator. 
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Foreword 

Both the ISIS (Rutherford-Appleton Laboratory) spallation source and the Los 
Alamos Neutron Scattering Center (LANSCE) were designed to produce neutrons as a 
result of an 800-MeV proton beam being incident on a target. Both systems are 
intended to accept beam intensities up to 200 l.tA. 

Cryogenic moderators of liquid hydrogen and methane are either in use or are planned 
for service at both facilities. Very low temperature methane would be an ideal 
moderating material as it has a high hydrogen density and many-.low frequency 
modes, which facilitate thermalization. Such moderators are in service at two major 
world facilities, KEK (Japan) and Argonne National Laboratory (USA). 

Unfortunately, solid methane has very low thermal conductivity (see Fig. 1) and is 
subject to radiation damage making a moderator of this type impractical for use in 
high- intensity beam, such as indicated above. This report outlines a possible 
alternative using small spheres of solid methane in a matrix of supercritical hydrogen 
at 25 K. 

General approach 

A novel method of building a low-temperature methane moderator might be to use 
small spheres in a flowing medium of supercritical hydrogen at 25 K. Initial 
calculations indicate that a diameter of 1.5 mm is about the optimum size. At 200 
l,tA, such a sphere would receive about 1.0 mW of neutron energy. The heat flux 
from the inner core to the outer surface, assuming a temperature gradient of 30 K, 
would be about 1.25 mW for an outer surface temperature of 25 K. This would mean 
a maximum temperature within the sphere of about 55 K, which is 35 K below the 
freezing point. Unless neutronically unacceptable, this assumption would seem to 
form a reasonable base for subsequent design calculations. The temperature gradients 
in present solid moderators are not known, but it is suspected that they might not be 
too different from the figure mentioned above. 
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Fig. 1 Thermal conductivity of solid methane (15” to 21°K). 

Proposed system of operation 

Uniformly sized spheres can theoretically be packed to a density of better than 73%. 
However, for practical purposes, an estimated density of 60% has been assumed. The 
hydrogen density of this mixture would be 0.05 atoms/A3, which is intermediate 
between methane and hydrogen (i.e., 0.06 and 0.042 atoms/A3). 

To transport a mixed fluid of this density through pipework into a moderator would 
be impossible. Therefore, the only recourse is to generate the spheres within the 
moderator vessel. This would require a cooling region at the top of the vessel outside 
of the neutron flux large enough to freeze and cool incoming liquid methane. Liquid 
methane at 95 K would be injected through nozzles in short bursts to form spheres 
naturally by surface tension. To maintain repeatability would require careful 
attention to such factors as “duration of burst” and nozzle diameter. Cooling such a 
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sphere to 25 K throughout would require 210 mJ. Because the heat flux is limited to 
1.25 mJ/s, the time required in the cooling region would be about three minutes. 
This figure can now be used to give a methane flow rate and a sphere production rate, 
which works out to be 250 spheres per second for a moderator volume of one liter. 
Each sphere, assuming uniformity of flow, would then remain in the moderating 
region for about 20 minutes. 

To assist a steady downward movement of the spheres and prevent block-ups, a 
vibrator would be attached to the moderator vessel. Such devices are driven by gas 
and operate by the oscillation of a steel ball in a circular cell. They are available 
commercially, though not specifically for use at cryogenic temperatures; this should 
not present a problem if stainless steel is used throughout. 

The above sphere-production rate represents a liquid flow of 30 cm3/min, which is 
too low for a continuous flow system. It would be better, therefore, to maintain a 
liquid-methane flow of -150 cm3/s and pass the majority through a bypass restrictor. 
A gas-operated cryovalve (see Fig. 2) would admit liquid to the nozzles as required, 
and a second cryovalve in the outlet methane pipe would be used during the initial 
start up of the system as described later. Pulsations in the flow of the methane 
would be provided by a motor-driven oscillator connected into the flow line. 
Together with the liquid-methane circulator, this would produce pressure cycles 
ranging from zero to double the steady-state pressure produced by the circulator. 

All equipment at the moderator would obviously have to be radiation hard making the 
use of inorganic materials essential. 

Fig. 2 Remotely operable cryo-valve. 

Construction 

The moderator vessel would constitute a vertical chamber with outward curving sides 
on account of the high operating pressure of 15 bar absolute. An additional height of 
-25 mm outside the neutron beam would rob the target of reflector material. 
Likewise, a liquification region at the bottom would represent a further loss of 
-12 mm in length. Unfortunately, this is the price to be paid for such a system and 
it must be balanced against the neutronic gains to be made. 
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Hydrogen would enter at the top of the vessel and exit through the end of the central 
vertical tube terminating just above the bottom of the moderating region. A strainer 
across the open tube would prevent the entry of methane particles. Methane would 
also enter at the top through a series of nozzles. Fully cooled spheres would then 
progress down the vessel, be melted off in a pool at the bottom, then drawn off into 
the return pipe. The flow-rate of hydrogen would probably be around 500 cm3/s, 
although this could be increased to improve the skin coefficient of heat transfer of the 
sphere surfaces if necessary. A heating block to raise the sphere temperature above 
90 K would be attached to the bottom of the vessel using warmed helium gas in a 
closed ioop. Because the vessel wall would have a temperature gradient of 65 K, a 
thermal break in the form of a local thinning of the wall would be machined into the 
vessel. Also, the vessel would be tapered outwards by -3 mm over its height to 
assist the steady fall of the spheres (see Fig. 3). 

.‘CW!EIG He 

z,J- 7, r IN 

COOLING MELTING 

CH4 

Fig. 3 Moderator canister. 

Refrlgeratlon 

The hydrogen refrigerator would be called upon to freeze and cool the methane spheres 
and also to remove nuclear heating during moderation. The calculated total load at 
25 K would be about 510 W. The methane heat load would only represent transport 
losses plus losses incurred during purification, i.e., 200 W at 95 K. This heat load 
would probably be removed by the same refrigerator by tapping into the circuit at an 
earlier stage (see Fig. 4). 

Installation and operation 

The complete system would involve a complex of several feed and return loops. In 
addition to the hydrogen and methane systems, there would also be helium gas 
supplies to the warming block, the cryogenic valves, and the vibrator unit. 

The most difficult operation would be that of initial start up. The two cryogenic 
methane valves would remain shut, though the methane circuit could be cooled 
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Fig. 4 Flow diagram. 

through its bypass, while the full compliment of hydrogen at 15 bar absolute and 
25 K was generated. The methane inlet valve would now be opened with the pulsator 
operating and the spheres formed. A careful check on the methane gas added together 
with a check on the hydrogen displaced would enable a good evaluation to be made of 
the progress. When “full”, the exit/return methane valve would be opened. 
Confirmation of the existence of a pool of liquid at the bottom would be provided by 
a thermocouple able to differentiate liquid from gas; or, perhaps a platinum 
thermometer mounted vertically could actually measure the depth of liquid. Once the 
system was operational, the inlet valve would be opened and closed automatically in 
response to the liquid methane pressure or the liquid-level indicator. Under normal 
operation, liquid would prevent any hydrogen entering the methane exit, but during 
start up, any hydrogen penetrating the methane would be expelled as gas (at 95 K at 
the refrigerator end of the system). 

Development 

The design of such a system could only be entertained with the backup of 
considerable experimentation. Initial work on sphere formation could be readily 
carried out using water in liquid nitrogen. This would ultimately have its limitations 
as the spheres would have a density of about 0.9 gms/cm3 in a fluid of 0.8 gms/cm3 
density. The density of solid methane is 0.522 gms/cm3 and that of supercritical 
hydrogen only 0.0669 gms/cm 3, Further work could be done using water in helium 
gas at 25 K and 10 bar absolute with a density of 0.025 gms/cm3. Finally, methane 
in helium would give a close approximation of the true fluid state. 
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Conclusion 

The overall challenge would be of a high order, but what calculations have been done 
indicate that thermodynamically such a system is feasible. If realized, such a system 
would provide significant improvements in the shape of the neutron pulse that is 
desired for pulsed source diffractometers. 
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ABSTRACT: The new 750-kV RFQ preinjector and double chopper system 
capable of selecting single nanosecond micropulses with repetition rates of 0.1 
to 20 MHz has been installed at the Brookhaven 200-MeV proton linac. The 
micropulse intensity is approximately 1 x lo9 p&pulse. Neutron time-of-flight 
path lengths of 30 to 100 meters at O”, 12”, 30”, 45’, 90” and 135’ are available 
as well as a zero-degree beam swinger capable of an angular range of 0’ to 25’. 
Pulsed neutron beams of monoenergetic (p7Li + n7Be) and spallation p238U + 
nx) sources will be discussed in the present paper as well as detailing the 
chopped-beam capabilities. 

Introduction 

The replacement of one of the Cockcroft-Walton preinjectorslr-31 with a new high- 
current 750-keV radiofrequency quadrupole (RFQ) will improve substantially the H 
capabilities of the Brookhaven 200-MeV Linac11-31. In conjunction with the new 
RFQ, a double chopper capable of single micropulse selection (pulse width <l ns) 
with periods ranging from 100 ns to greater than 10 l.ts will be installed. The new 
double-chopper RFQ system is detailed in the present paper as well as the neutron- 
time-of-flight (NTOF) capabilities that exist at the 200-MeV linac complex. Future 
improvements and upgrades that will also be described include a 0” to 30” beam 
swinger on the zero-degree line and intense pulsed monoenergetic and spallation 
neutron sources for use in nuclear physics and radiation-effects studies. 

The double-chopper RFQ system 

The RFQ Linac input is from a 35-keV H- magnetron ion source modified to produce 
an axially symmetric beam matched to the RFQ. The RFQ parameters are 
summarized in Table 1. Operational tests have routinely produced outputs of 50 mA 
from the RFQ, whereas the design current limit is rated at -100 mA. The RFQ 
emittance at 50 mA was optimized for transport to the 200-meV linac. 

Figure 1 shows an illustration of the double-chopper RFQ system. A fast beam 
chopper (Chop I) located between the ion source and the RFQ can variably bunch 
structure the beam with frequencies of 2.5 MHz or less. The first chopper is a slow- 
wave electrostatic deflection device that rejects the beam at a small aperture located 
before the RFQ. The second chopper (Chop II) is located after the RFQ and is phase- 
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locked to the RFQ. Chop II is a fixed-frequency sine-wave located after the RFQ and 
is phase-locked to the RFQ. Chop II is a fixed-frequency sine-wave chopper that 
selects single microbunches (440-ps width) of the 200-MHz RFQ linac. The duty 
factor of the double chopper is adjustable from one bunch every 100 ns to one bunch 
per 450~ps macropulse. The macropulse frequency is 5 Hz. The standard 200-MHz 
micropulse intensity with 50-mA averaged current is 1.2 x lo9 protons&pulse. The 
dc-averaged beam current with lo-ps repetition rate and ~-HZ macrostructure is 50 
nA, a value comparable with a 1Oysec 200-MeV pulsed beam from a cyclotron such 
as the Indiana University Cyclotron. 

Table 1 

RFQ Parameters: 

Ion 
Input Energy 
Output Energy 
Current Limit 
Operating bequency 
Peak Cavity Power 
Stored Energy 
Duty Factor 
Structure 
Vane Length 

H+H- 
35 keV 
753 keV 
-100 mA 
201.25 MHz 
100 kW 
0.5 Joules 
0.007 
4-vane, ringed 
1.62 m 

Fig. 1 Double-chopper RFQ showing single-micropulse selection. 

200-MeV linac performance 

The linac can accelerate H’ or H- beams of 92.6, 116.5, 139.0, 160.5, 181.0 and 
200.3 MeV with an energy spread of about 140 keV at 200n MeV.1’1 The standard 
operating beam at 200 MeV is a 30-mA peak current and 450~ps-wide macropulse. 
The repetition rate is currently 5 pps, but can be increased to 7-8 pps. The 
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microstructure is 200 MHz or 1 ppulse every 5 ns with a ppulse with cl ns. The 
typical beam spot is 1.5 cm FWHM Gaussian in both vertical and horizontal 
dimensions yielding a flux of approximately 9 x lOI2 p/s cm2.t2] The maximum total 
beam current per macropulse is about 10 pA dc-averaged. 

The adjustable parameters are the macropulse (5 ps to 500 ps), the peak current 
(1 mA to 30 mA), the transported beam (1 nA to 10 A) and beam size (3 cm2 to 
7850 cm2) delivered to the target areas of the Radiation Effects Facility (REF) and 
Neutral Beam Test Facility (NBTF). 

NTOF facilities and performance 

The 200-MeV linac complex consists of NTOF facilities at the Radiation Effects 
Facility (REF) and Neutral Beam Test Facility (NBTF) as shown in Fig. 2. The 
REF has 30 to 100-m flight paths at 12”, 30”, 45”, 90”, and 135” with approximately 
30 m of earth shielding (12” tubes through shielding). The zero-degree line located at 
the NBTF consists of a 3-m-diameter underground tunnel with a present length of 
100 m, a zero-degree sweep and dump magnet, and a collimation wall (3-m thick). 

Fig. 2 BNL 200-MeV Linac Complex. 

The momentum spread in the beam (Ap/p = 7 x HI-“), coupled with the 125-m beam 
transport into the REF and NBTF, increases the width of the micropulse to about 
1 ns from the intrinsic width of 440 ps that results from the linac acceleration. The 
overall NTOF energy resolution (AE,) that results from a combination of the 
micropulse width (-1 ns), detector-timing resolution (0.8 ns), and the detector width 
(see Ref. 4 for details) is shown in Fig. 3 for various flight paths and neutron 
energies. The detector width contributes 58 - 82% to the uncertainty in the 200 to 
lo-MeV neutron-energy range, respectively. ~1 The overall resolution is somewhat 
less than that of other intermediate-energy (p, n) facilities, but uniquely provides high 
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dc-averaged beam currents with repetition rates of 100 ns to 10 p.s or greater. These 
low-frequency micropulse modes, with 100~kHz rates and 100-m path lengths, allow 
the NTOF spectral range of E, = l-200 MeV to be acquired without troublesome 
wrap-around backgrounds. 

1 I I 

TOTALNTOFENERGY~ESOLUTION 

. 30m 

/ 
. 5Om 

/ 

E, (MeV) 

Fig. 3 NTOF energy resolution as a function of neutron energy and flight path. 

The zero-degree NTOF sweep magnet in the NBTF line is a large-aperture (3.15-cm 
gap) high-field magnet (1.9 T) that allows target insertion along the beam trajectory, 
permitting the forward neutron angles of l-25“ to be selected. The protons, after 
interacting with the target, are transported to a proton Faraday cup shielded in the 
target hall. The forward-directed neutrons emerge through a collimation wall (3-m 
width) for transport in vacuum through the 100-m TOF tunnel. 

Monoenergetic and spallation pulsed-neutron beams 

The facility can produce intense pulsed monoenergetic neutron beams of 93 to 200 
MeV. The nearly monoenergetic neutrons are produced in the 7Li@, n)7Be (0.0 and 
0.43 MeV) charge-exchange reaction. Lithium produces copious quantities of 
neutrons, has only one excited state, and little continuum neutron production. The 
differential cross section for EP = 120 MeV is shown in Fig. 4 (ref. 7). The reaction 
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is strongly forward-peaked, has a total reaction-cross-section dependence on the proton 
energy of E-‘.13 in the EP = 600-800-MeV rangel*], and a zero-degree cross section of 
dD/ds2 = 35 + 1 mb/sr. The maximum neutron yield from a 210 mg/cmz 7Li metal 
target would be 1.5 x lo6 n/sr per micropulse or about 7.5 x 110 n/sr s. 

Fig. 4 Angular distribution for the 7Li(p, n)7Be (g.s + 0.43 MeV) reaction obtained at 
Ep = 120 MeV (ref. 7). 

The 200-MeV proton beam at the BNS Radiation Effects Facility (REF) can also 
produce an intense fission-spallation spectrum of neutrons. This is accomplished by 
using a depleted uranium (“*U) target to stop the beam. The spectral comparison[91 
with a pure thermal fission spectrum are shown in Fig. 5, where the main difference 
between an actual thermal fission spectrum are the high-energy spallation (p, n) direct 
components. The direct-components’ yields are typically @-lo%) of the total neutron 
yield. The spallation target consists of a 15 cm x 15 cm x 4 cm slab of depleted 238U 
that has an area density of 74 &m2, which is greater than 110% of the range of a 
200-MeV proton. The 238U (p, f ission) cross section is essentially constant at 
energies greater than EP = 20 MeV and is given as 1.44 Z!I 0.10 b.[lOl The total 
inelastic (fission and spallation) cross section is 1.91 b.[“l The total neutron yield is 
approximately 6.4 x lOlo n/sr per micropulse or 3 x 1015 n/sr s for full beam 
intensity. 



570 Brookhaven 200~Me V lime 

lo-’ 
SPALLATION 

NEUTRON 
COMPONENTS 

EVAPORATION 
NEUTRONS 

a 
z 

Fig. 5 Comparison of 235U thermal fission neutron spectrum and 200 MeV p + 23BU 
spallation neutron spectrum. 

Pulsed monoenergetic or spallation (fission) source neutron beams are of considerable 
current interest in intermediate-energy (n, p) nuclear-physics research, for use in 
radiation-effects studies of electronics or other material flown in space, or research on 
materials used in fusion or fission reactors. The BNL radiation-effects facilities (REF 
and NBTF) can provide for a wide range of experimental conditions, the advantages of 
the user facility being: 

1. Controlled Radiation Environment, Beam size and intensity can vary to meet 
wide range experimenters’ needs. 

2. Renroducibilitv, Experiments can be readily repeated to assure reproducible 
results. 

3. Flexible User Experimental Schedule, Beam available on demand with 
reasonable short-lead times. 

In summary, the REF/NBTF complex can uniquely provide high-intensity pulsed 
(cl ns) and macropulse (500 ps) proton beams of 93 to 200 MeV. Furthermore, the 
use of appropriate targets of 7Li or 238U can produce monoenergetic and spallation 
neutron beams, respectively, that can likewise be pulsed or macropulsed. These 
beams can be expanded from 2 cm to 1 m in diameter in radiation-effects.studies of 
systems, subsystems, or components. 
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Workshop summary on high power targets and target 
assembly developments 

A. Came 
Rutherford-Appleton Laboratory 
Chilton, Nr Didcot, Oxon 
UNITEDKINGDOM 

There were four presentations in this session under the broad heading of High 

Power Targets and Target Assembly Developments. 

The first paper was from Andrew Taylor @AL) proposing upgrades to some of the 

ISIS moderators following several years’ running experience and feedback from 

the instrument users. The ISIS target assembly was based on the best 

obtainable specification at the time, where ‘best’ in my book means optimum 

match between physics requirements and engineering realities, giving also good 

operational reliability and maintainability. Operating experience now 

suggests modifications to some moderators to give improvements mainly to pulse 

shape, resulting in improved resolution. These are, in descending order of 

priority but increasing order of technical difficulty : 

i) Change poison depth in front Ii20 moderator 

ii) Modify reflector to open up to second face of H2-moderator (CRISP) 

iii) Change poison depth in CR4 moderator (subject to agreement of HRPD, LAD, 

MARI, TEST). 

The question was raised of using H2 instead of CH4 for the front cold 

moderator, iii) above. It was pointed out that with hydrogen densities of 

0.06 in liquid CH4 and 0.042 in liquid H2, a better pulse shape and resolution 

were obtainable from liquid CH4. We shall return to this point again. 

The second paper was from Trevor Lucas (RAL/LANSCE) on a possible mixed solid 

CH4-in-liquid H2 moderator at ZOK. This represents a fun challenge to 

cryogenics engineers and some first-shot thermodynamics calculations looked 

reasonable (e.g. 3 mm CH4 pellets in liquid H2, pellet centre temperature - 

50K at ISIS-type energies). However there remain several tricky problems on 

pellet formation, the risk of clogging, the difficulty of pumping the “slurry” 

with a high density of CH4, and the size of the operational device. 
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But just how good is this slurry neutronically? For example, if the pellet 

centres are at 50K and the liquid hydrogen at ZSK, what is the spectral 

temperature of the mix? Even with 60% CH4 in the mix (as in the 

thermodynamics example) the average hydrogen density is only about 25% greater 

than liquid hydrogen. At what percentage mix does the gain justify the 

engineering complexities? Is CH4 soluble in H2? Uhy not add Krypton to make 

the methane lattice bigger and “unfreeze” the rotational modes? Krypton is 

also in natural poison when used this way. 

In the discussions on this topic there were two offers of help : the first in 

the best tradition of ICANS, where Gary Russell offered to model a CH4/H2 

moderator to determine the neutron output spectrum as a function of the ratio 

of CH4 to H 2; 
and the second with our new colleagues from reactor sources, 

where Colin West (ANS at ORNL) offered the use of a cryogenic test-bed for 

slurry moderator testing. 

The third paper was from Noboru Watanabe (KEK) who reviewed the efficiency of 

accelerator based cold neutron sources, with the goal of achieving an 

efficiency comparable with the ILL cold source. Efficiency here is defined as 

I, +c(MdX/nf 

A fully decoupled high power moderator, like ISIS, has an efficiency _ 6 x 

10-5 compared with 3 x 10m4 for the ILL cold source. With such large 

differences accelerator based cold sources are not competitive, especially in 

the important area of SAS. How can accelerator based sources be improved? 

One possibility to improve on the pulsed source performance would be to follow 

the intensity modulated source practice proposed at SNQ, i.e. to use a 

decoupled moderator and exploit both the bandwidth and time structure. 

KENS-II may have such a moderator, in addition to short pulse moderators, but 

its competitiveness depends crucially on the gain that might be achieved from 

exploiting the time structure. Ideally KENS-II would like an efficiency 10X 

that of ILL. There were, however, worries whether such a gain might be 

achievable. 

Other features of an SAS instrument include : 

resolution obtainable with a beamline about 30 m long; long tails to the 

neutron pulses might be removed by the use of phased choppers; the use of 

focusing guides is being considered. The performance of SAS instruments 

would benefit from a p.r.f. lower than 50 Hz: one case, at least, to support 
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the contention raised at the Conference of the value of a very low (- 1 Hz!) 

p.r.f. 

The final paper was from Gary Russell (LANCSE) on the TMRS upgrade. The 

present LANCSE TMRS is an elegant flux trap target system with 4 moderators in 

“slab” geometry located between the upper and lower target tungsten blocks. 

It can be upgraded by opening up the upper reflector to add two more 

moderators and so provide perhaps four more beamlines into the new 

experimental hall. 

There are several geometric possibilities for the two new moderators, beyond 

the initial thought of having them in wing configuration : the moderators 

could be in slab in the same plane as the upper target block, or they could be 

in slab and slightly above the upper target block to operate as flux trap 

moderator in a similar way to the present moderators. The suggestion was 

raised that the upper target block itself might be of slab type (as was 

proposed for the SNQ target) to improve the solid angle coupling to the 

moderators, especially in wing geometry. “Tuning” of the target lengths was 

done on the original assembly and clearly it would be worthwhile to do this 

again. LANSCE is fortunate to have such computing resources to make such 

studies! 

To the question of what materials for the moderators, the first thoughts were 

for one water moderator and one liquid methane. The choice will depend on 

user demand. On ISIS we were fortunate to have at a quite early stage a clear 

specification of moderator types, canvassed from the user requirements. I 

offer the recommendation of a similar canvassing exercise for the LANSCE 

upgrade in order to clear the way for the necessary technical developments. 

A good meeting, some interesting 

collaboration within and beyond ICANS! 

challenges and some good examples of 
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The LANSCE target data collection system 

A. K. Kernodle 
Los Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 USA 

ABSTRACT? The Los Alamos Neutron Scattering Center (LANSCE) Target 
Data Collection System is the result of an effort to provide a base of 
information from which to draw conclusions on the performance and 
operational condition of the overall LANSCE target system. During the 
conceptualization of the system, several goals were defined. A survey was 
made of both custom-made and off-the-shelf hardware and software that were 
capable of meeting these goals. The first stage of the system was successfully 
implemented for the LANSCE run cycle 52. From the operational experience 
gained thus far, it appears that the LANSCE Target Data Collection System 
will meet all of the previously defined requirements. 

The goals of the LANSCE Target Dam Collection System are listed in the order in 
which it was deemed the system was to evolve. Each goal builds upon the data 
collected and confidence built by the accomplishment of the previous goal. 

. Develop a data base of the operational parameters relating to the 
performance of the target and moderator systems as well as their support 
systems. 

l Extract trend and normal range parameters for the data points of prime 
interest and then for all data points. 

. Implement a means of automatic warning and alarm in cases where a 
particular data point has exceeded its normal range or has reached a level 
that poses a threat to the continued safe operation of the system. 

. Provide for the intervention of the dam collection system in the 
operation of the target and moderator systems to avert unnecessary 
system shutdown. 

Having defined the capabilities and direction the system was to take, a preliminary 
survey was made of both custom-made and off-the-shelf hardware and software that 
were capable of meeting these goals. Additional criteria for the system were then 
defined as follows. 
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. All system components were to be standard products offered for sale by 
established firms. 

. All system components would provide a high degree of operational 
reliability and accuracy while affording the lowest possible cost. 

. All system components would provide for easy expansion capability 
beyond the presently defined number of data points. 

A final survey of available system components was then made. Each product was 
screened in accordance with all the preceding goals and criteria. The union of 
products from four different vendors seemed to offer a system that would provide the 
versatility to meet all of our previous requirements. Trade-offs and initial 
procurements were made. 

Contained within the following paragraphs is a brief description of the capabilities of 
each system component, followed by a summary of our experience with the system 
so far, and then a look into the potential of this system for the future. 

. The first component is an IBM PC AT compatible computer manufactured by 
Dell Computer Corporation-the System 200 model, set up with the following: 

. Intel 80286 microprocessor running at 12.5 MHz 

. Intel 80287 math coprocessor 
l 640K Bytes of RAM 
. 40MB 28ms hard disk 
. 1.2MB floppy disk 
. 360MB floppy disk 
. EGA graphics adapter and monitor 
. Real-time clock with battery backup 
. 2400 baud internal modem 

. The second component is a hardware data acquisition and control system 
manufactured by OPT0 22. This system, called Optomux, is a family of digital 
and analog input and output units. The Optomux system can handle up to 255 
different digital or analog module racks, which are all serially connected via one 
cable of two twisted pairs. Each module rack can support up to 16 input or 
output modules (any mix). Control of the serial system, which can extend 5000 
feet without an additional repeater, is accomplished via an interface card that 
plugs into the Dell System motherboard. 

. The third component in the system is a voice-synthesized warning system built 
by RACO Manufacturing and Engineering Company. This device, called the 
Verbatim Automatic Dialing Remote Monitoring System, or “the Verbatim”, is 
capable of monitoring eight different contact-closure channels. Each channel’s 
unique user-recorded message is stored in nonvolatile memory. Upon detecting 
an alarm condition, the Verbatim unit will dial up to eight different phone 
numbers up to twenty times to report the channel-specific prerecorded message. 
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l The last component in the system is the software package that runs on the Dell 
System 200 PC. Developed by Intec Controls Corporation, the software 
Paragon Control is a graphics-interface-process-control package optimized for 
real-time process control and data acquisition. Paragon Control can support up 
to 800 data points and can display both real-time trend information and store 
selected data points for archival purposes. The package provides the capability to 
set operational limits for all signals and respond to alarm conditions by message 
display on the screen of the computer. It also activates other ‘warning devices 
thru the OPT022 hardware output system. 

During the LANSCE run cycle 52, the first stage of this system was successfully 
implemented. Approximately 40 different data points were monitored at a rate of 
0.25 s per sample and stored for archival purposes at a rate of 1 to 5 samples per 
minute. Several liquid-hydrogen-moderator-system shutdowns were averted. The 
archived data has helped solve several other unexplained system shutdowns that 
occurred during times when the system was unattended. 

For run cycle 53, the LANSCE Target Data Collection System is scheduled to 
monitor some 100 data points. The Verbatim alarm system will be implemented and 
operational. Signal trending will be emphasized. The data collection system has 
been given the prime responsibility to monitor the liquid-hydrogen moderator system 
and report any out-of-range operating conditions via both the Verbatim automatic 
voice-synthesized phone-calling system and local warning lights and alarms in the 
attending technician’s work area. From our experience thus far, it appears this 
system will meet all of our previously defined goals and will provide the versatility 
needed to meet future requirements. 
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Liquid-hydrogen-control-system modifications 

T. Summers 
Los Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 USA 

ABSTRACT: By late 1987, the Los Alamos Neutron Scattering Center 
(LANSCE) liquid-hydrogen-control-system electronics had evolved to a 
functionally adequate stage, but occasionally showed signs that rebuilding was 
needed. The rebuild offered opportunity to redesign the external features of the 
system, which am described in this paper along with some technical features. 

The LANSCE liquid-hydrogen control system had grown during the years and reached 
a stage, by late 1987, where major revisions were needed. A main feature of the 
rebuild was the ergonomic aspects of the front control panel. The design changes 
that were implemented with considerable success were as follows. 

1. All push-button controls are now lighted in red or green. The normal state-of- 
the-function is indicated by green illumination in the upper half of the square 
button, with the illuminated legend indicating status (e.g., “open”). Thus, when 
all valves, etc., are in their normal state, the control panel shows only green 
across the tops of all the buttons (see Fig. 1). 

2. If any function is in an abnormal state, a red light within a schematic of the 
system is illuminated (see Fig, 2). 

3. Any transient condition that can lead to a safety dump of the liquid hydrogen is 
latched in an indicator panel until reset (Fig. 2). 

The consequences of these changes have exceeded our expectations. System 
troubleshooting is almost “at a glance”. The ability of new personnel to learn the 
system has been enhanced, and the solid construction has increased reliability. 

Most of the subsystems in the hydrogen control system provide for remote readout- 
the exception being the thermocouple vacuum gauges. Because of poor history with 
electromechanical gauges, it was decided to build an all electronic vacuum gauge to 
meet our needs. Two designs were made: one for the four-wire thermocouple gauge, 
such as the Varian series; and one for three-wire gauges as provided by Hastings. 

A thermocouple vacuum gauge applies a heating current to a fine wire exposed to the 
vacuum to be measured. A thermocouple attached to the heated wire records the 
temperature of the wire, which rises as vacuum improves (less convective cooling). 
In an electromechanical gauge, the thermocouple directly drives a meter. The meter 
scale is marked off to account for the peculiar calibration curve of the gauge. Typical 
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Fig. 1 Control switches. 

Fig. 2 Alarm hatch panel and status panel, 

constants for a three-wire Hastings tube are 20 ma heater current and 10 mv (300” C) 
thermocouple output. The principal problem in an electronic gauge is matching a 
non-linear circuit to the calibration curve of the tube used. We accomplished this by 
using a linear amplifier with two break points to achieve a 0 to 1999 micron vacuum 
range. The amplifier circuit is shown in Fig. 3 and, once adjusted, conformance with 
a McLeod gauge is shown in Fig. 4. 

In addition to the above, the corrected output is applied to a voltage-to-current 
converter making three separate outputs available that convert 0 to 2000 microns to 0 
to 1 ma of output with approximately 7 volts of compliance. 

The entire revised system has all critical functions (defined as those functions that can 
lead to venting of the liquid hydrogen due to safety) operating on two sealed gel-cell 
batteries. In the event of a power failure, all systems will stay alive for more than an 
hour. Note that when the helium compressors associated with the hydrogen 
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refrigerator go off because of power loss, the system warms and must be vented in 
six minutes to avoid possible excess pressure. 

The revised hydrogen control system has been very successful in attaining its 
objectives. Corrective actions are more rapidly determined and down time caused by 
control-system failure appears to be a thing of the past. 
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Fig. 4 Measured response after first adjustment. 
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Remote handling for an ISIS target change 

T. A. Broome and M. Holding 
Rutherford Appleton Laboratory 
Chilton, Didcot, Oxford 
UNITED KINGDOM 

1. Introduction 

During 1987 two ISIS targets were changed. This document describes the main 
features of the remote handling aspects of the work. Many people took part in the 
job, either directly or indirectly, and their considerable efforts are gratefully 
acknowledged. 

All the work has to be carried out using remote handling techniques. The radiation 
level measured on the surface of the reflector when the second target had been 
removed was about 800 mGy/h demonstrating that ‘hands on’ operations on any part 
of the target reflector moderator assembly is not practical. 

The target changes were the first large scale operations in the Target Station Remote 
Handling Cell and a great deal was learned about both equipment and working 
practices. Some general principles emerged which are applicable to other active 
handling tasks on facilities like ISIS and these arc discussed below. 

The sequence of operations for the remote handling is given in appendix A as an aid 
to understanding the video film of the work 

2. The remote handling cell 

Figure 1 shows the layout of the Target Station. In operation the target is positioned 
in the centre of the biological shield. For all maintenance work the target with its 
associated shield plug, cryogenic and ambient water services trolleys is moved back 
to position the target reflector and moderator assembly in the Remote Handling Cell 
as shown in Fig. 2. 

A plan view of the RHC is shown in Fig. 3. The cell is equipped with two pairs of 
VNE 80 master slave manipulators, a remotely controlled crane of capacity 1 tonne 
and viewing is through two zinc bromide windows 1.6m thick. 

For target changes video cameras are installed to improve the view for the operators. 
There are three fixed cameras, one on each side of the cell (positions A and B on Fig. 
2) and one at high level (position C). All of these fixed cameras were equipped with 
remotely operated pan, tilt, zoom and focus. In addition two small cameras were used 
which could be held by the manipulators to give a view of areas not well covered by 
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Fig. 1 Layout of target station. 
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Fig. 2 Target assembly and services trolley. 
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\ 

Fig. 3 Remote handling cell - plan view. 

the windows or the other cameras. Pictures from the cameras were displayed on 
monitors in the manipulator rooms and were also recorded on video tape. 

An intercom system allowed the operators in the two manipulator rooms to talk to 
each other and to listen to the sound inside the RHC. 

3. Tools 

The desirability to test the remote handling equipment in dummy runs or a mock-up 
before it is installed was recognised but there was only time and resources in the 
installation schedules to prove the overall concepts. Also the first target failed 
somewhat earlier than had been expected so the equipping of the cell and provision of 
tools was, of necessity, done in a very short time which inevitably lead to some 
compromises and development during the job. 

Ordinary open ended and ring spanners were used for tightening and loosening nuts. 
They were fitted with special grips for the manipulator jaws. An air operated wrench 
was tested before the first change on a spare target flange bolt. However, the nut 
seized possibly because the rotational speed of the wrench was too high so it was 
decided not to use it on the real job. 

The only specialist tool, the cropper for the thermocouple umbilical, worked well 
although some redesign of its support on the crane would make it easier to align. 
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4. Management of the work 

Effective management of the work was essential to its efficiency and success. The 
responsibilities were split into two areas-safety, and control of the actual remote 
handling operations. 

4.1 Control of safety 

In general the day to day problems of radiation protection on ISIS are the 
responsibility of a ‘Radiation Protection Supervisor’ who is normally the leader of 
the operations crew on duty. It was felt that the demands of the task of changing a 
target were sufficient to require a full time Radiation Protection Supervisor who was 
appointed for the duration of the job. 

In particular his duties involved: 

0) Controlling access to the various areas of the Target Station namely: 
Services Area 
Remote Handling Cell 
South Tunnel 
Manipulator Rooms 

Issuing of Permits to Work’ which arc required for personnel to work in 
areas where the dose rate is greater than 250 uSv/h 

(iii) Issuing ‘Permits’ to allow people to work in the Remote Handling Cell 
which is defined as a ‘confined space ‘i. e., an enclosed volume with 
only one access 

(3 Keeping a detailed log of the work 

The RPS was based at the Target Station throughout the target change and he was in 
very close liaison with the person controlling the work, although these two people 
have independent and distinct roles. For the second target change the RPS had a 
television screen showing the work in progress in the Remote Handling Cell. In 
addition there were detailed video tapes from the first change available for reference. 

It is also necessary to keep the operations staff informed of the progress of the work 
and the state of the Target Station when it is left unoccupied. It was convenient for 
the Radiation Protection Supervisor to do this. Also he was the natural person to 
keep the Laboratory Safety Officer fully informed and to consult him when necessary. 

4.2 Control of the work 

This task was performed by a person independent of the Radiation Protection 
Supervisor. The manipulator rooms are small and it was found important to limit 
the number of people in them to the minimum required to perform the task in hand. 
For most of the time only four people were permitted to be in each room-two to 
operate the manipulators, one to operate the cameras and a fourth person to operate 
the crane. For this reason the progress of the job was monitored and controlled in 
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conjunction with the RPS, much use being made of the remote television pictures in 
the target change control office. 

The work was planned to be carried out in set elements following the written 
procedures. Generally this worked well but on occasions, particularly during the first 
target change there was a tendency to press on. It is important to remember that 
remote handling is physically and mentally taxing and the person in charge must be 
aware of fatigue setting in. If individual tasks are not ioing according to the 
procedures laid down the work should be stopped and the problem considered away 
from the working area and the master video tape referred to. This was done several 
times during the second target change and proved to be a successful method of 
working. The target change control office was found to be the most convenient place 
to discuss problems. 

5. General comments on the target changes 

The target changes carried out were generally very satisfactory. However, neither 
change went entirely to plan and it can be anticipated that future target changes will 
have their own special problems. 

Very little testing of the principles and equipment needed to change a target remotely 
had been possible before the original installation so the two target changes 
represented the first chance to develop the system. Before starting to change target 
number one as much mock-up work as practical was carried out. The target storage 
was checked completely with a spare target and the positions of the cameras in the 
cell checked, as far as possible, to ensure that they would provide the required views 
for the various operations. 

One main general problem was the unreliability of the VNE 80 manipulators. There 
is one pair on each side of the cell and all four became unserviceable at some time 
during the work. In fact, both target changes had to be stopped for the manufacturer 
to repair the manipulators. The manipulators are absolutely crucial to the work and 
steps have been taken in conjunction with the manufacturer to improve their 
reliability. 

Before the first target change there was very little experience with manipulators at 
RAL. A specialist from Hat-well Laboratories assisted with both target changes and 
his comments were very useful and appreciated. By the end of the second change 
several of the RAL team had become very proficient in the use of manipulators and it 
is not expected that external specialist operators will be necessary in the future. 

The design of the tools, particularly their handling fixtures, was improved a great deal 
between the two target changes. Experience is showing what type of attachments are 
best for each tool to make them convenient for use with the manipulators. Getting 
the spanners properly located on the nuts was frequently quite difficult. They all 
fitted the nuts slightly too well and they will be machined, with a lead in, before the 
next target change. Also some of the spanners were quite heavy and tiring to use. 
Aluminium alloy spanners will be tested as an alternative to the current steel ones. 
All the tools were fitted with chains. This was to aid retrieval when they were 
dropped 
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Detailed check lists of equipment for use in the cell were produced which proved to be 
most important. In addition to the tools expected, a range of others was put in to 
cater for the unforeseen. In both target changes all the tools were used and more had 
to be put in as well so the provision of tools will need careful review before the next 
change. 

The positions of the video cameras in the cell, and their mounting arrangements can 
be improved. In the second change the overhead camera (position C in Fig. 3) was 
fitted with remote pan, tilt, zoom, and focus which it did not have in the first change 
and this made the work considerably easier and resulted in the the small cameras with 
flying leads being used somewhat less in the second change than in the first. A 
colour camera was used in the second change and it was generally felt that it gave a 
better view than black and white. 

Video recordings were taken continuously during both target changes which is a 
practice which will be continued in the future. When a problem occurs the relevant 
film from previous changes can be viewed which may well present a solution. The 
master film will need to be updated after each target change to make sure it includes 
not only the work which went according to plan but also the techniques and methods 
found useful for dealing with any unexpected difficulties. 

The intercom system which allowed the operators on the two sides talk to each other 
was essential for many operations particularly when using the crane to move 
equipment when a good view could only be obtained from one side or the other. It 
was found that the use of the intercom required some discipline to avoid a general 
babble with at least four and sometimes more people being able to talk at the same 
time. 

6. Essential improvements 

The margin between success and failure for both target changes was at times small. 
For example, on the first target change there were difficulties in removing the old 
target and on the second change it was necessary to replace the pipe and flanges 
feeding the casing circuit. It is quite likely that future target changes will present 
new problems. While it is difficult to anticipate exactly what these will be several 
improvements were identified, regarded as essential, which should make the job easier 
and give greater scope for dealing with any difficulties. 

The main single improvement needed is the provision of a posting port for 
introducing small items of equipment into the remote handling cell. The design of 
the cell included posting ports but they have yet to be installed. 

The tools while mainly adequate can certainly be improved. It is felt to be important 
to have some power operated spanners and to find more convenient methods of 
applying known torques when tightening nuts. 

Some design changes are necessary. The attachment of the thermocouple connector 
to the main shield door was extremely difficult in both changes and this has already 
been redesigned. Also the bayonet connectors on the water pipes will be strengthened 
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to avoid the problems encountered in the second change when one of them was 
damaged and had to be replaced. 

7. Remote handling general 

During the two target changes several principles becatne evident which it was felt 
would be applicable to general remote handling tasks. 

e. 

f. 
g . 

h. 

A comprehensive list of all items required , no matter how trivial, is vital 
Spares of all components which could need to be replaced should be available 
before the job starts 
Only one operation or function at a time should be attempted 
Good location should be achieved first before any locking or tightening is 
attempted. i. e., the task should involve a change to one dimension only at a 
time. 
When dowel location is used the dowels should be of unequal lengths to enable 
the component to be fitted in one plane at a time. 
Hexagon shapes appear to be easier to handle than round shapes with two flats 
A video film of detailed operations is a very useful tool, this is different from 
a publicity film 
It is not always possible to ‘feel’ things with manipulators particularly at 
extended reach 

APPENDIX 1. Outline of the Remote Handling Procedure 

As au aid to understanding the operations shown in the video film the components of 
the target reflector and moderator assembly referred to in the procedure below are 
illustrated in Figs. 4 to 8. Figures 4 and 5 show the target reflector moderator 
assembly ,during initial installation. Also visible in the bottom left hand comer of 
the photograph of the top of one of the wells for storing used targets. Figures 6,7 
and 8 show various features of the assembly mentioned in the procedure below. 

A video film showing the stages in replacing a target has been produced by editing 
film recorded during the two target changes. It should be noted that the object of 
these recordings was to aid the work in progress and to help with future changes. 
Thus the camera pictures chosen during the operation were those which best 
supplemented the direct view of the job via the windows rather than the one which 
itself gave the best view of the task. Much of the remote handling was, in fact, done 
without the need for camera pictures at all. 

The process of changing a target can be split into eight basic parts. 

1. 
2. 
3. 
4. 

Z: 
7. 
8. 

Exposing the target by rolling back the upper section of the reflector 
Draining the remaining water from the target 
Unbolting the target and thermocouple connector 
Preparing the target for storage 
Storing the target 
Bolting on a new target and thermocouple connector 
Reconnecting the cooling systems 
Replacing the upper section of reflector 
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Fig. 4 Target reflector moderator assembly during construction. 
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Fig. 5 Target reflector moderator assembly during construction. 
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Fig. 6 Target reflector moderator assembly in operational configuration. 
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Fig. 7 Target reflector moderator assembly with upper section of reflector in 
maintenance position. 
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Fig. 8 Section through target reflector assembly showing connections for casing 
circuit. 
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The following list describes the operation in more detail. 

A.1 

A.2 

A.3 

A.4 

A.5 

A.6 

A.1 

A.8 

A.9 

A.10 

A.11 

A.12 

A.13 

A.14 

Move the shielding door and associated trolley assemblies to position the 
reflector between the manipulators directly in front of the windows. 

Pick up the halo monitor assembly from the front of the reflector trolley 
using the manipulators and place it in the cradle on the cantilever frame 

Pick up the reflector lifting frame on the crane and locate the three hooks 
of the frame into the lifting eyes of the top piece of the reflector. Raise 
the reflector above the fixed jack pads by 20 mm, which is sufficient to 
allow the four pads to be rotated through 90 degrees using the 
manipulators. 

Lower the reflector onto the rotated jack pads and remove the lifting frame 
from the reflector and replace it on the vertical motion table. 

Remove the operating position docking pin on the cantilever frame and 
move the reflector trolley towards the end of the frame. 

When the trolley reaches the end of the cantilever frame engage the 
servicing position docking pin into the hole in the reflector trolley. 

Remove the drain blank from the target assembly and connect the drain 
hose and bottle to the outlet pipe. Open the drain valve and blow out the 
heavy water that remains in the target casing with nitrogen. 

Remove the Drain Hose and replace the Drain Blank. 

Disconnect the two flexible coolant pipes that feed the target case cooling 
circuit from the intermediate manifold and position the free ends out of the 
way. 

Pick up the target handling frame from the the vertical motion table and 
position it on the rails of the cantilever frame over the target and lower 
half of the reflector assembly. 

Remove the lifting dowel locking pins and push the dowels and beam 
window plug of the lifting frame into the target assembly locations and 
insert the locking pins. 

Release the vee clamp bolt retaining the thermocouple connector, retract 
the assembly from the door flange and place the thermocouple connector 
in a convenient position. 

Release the main target flange tee bolts fully and rotate the heads to align 
with the slots in the transition manifold. 

Roll the handling frame and target away from the mounting manifold to 
clear the location dowels. 
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A.15 Lift the handling frame and target and position on the target turning frame 
the Target Flange facing away from the Void Vessel. 

A.16 Rotate the target to a convenient angle and crop off the thermocouple 
umbilical as close to the outlet from the target vessel as possible. 

A.17 Rotate the target until it is vertical and fix the target sealing flange to the 
target 

A.18 Lift off the lid from the storage well and place it on the Access Door 

A.19 Pick up the target assembly lifting beam on the crane and locate the 
lifting bars in the slots of the intermediate manifold, rotating them into 
the ‘lifting’ position. 

A.20 

A.21 

A.22 

A.23 

A.% 

A.25 

A.26 

A.27 

A.28 

A.29 

Lift the target from the handling frame and lower it into the opened 
storage well locating it on the pins, Rotate the lifting bars to remove 
them from the slots and lift the Target Lifting Beam clear. 

Replace the Storage Well Lid. 

Bring the replacement target into the cell in its handling frame on the 
transfer platform. 

Pick up the target and frame from the transfer platform and place it on the 
target turning frame on the lifting table. 

Move the shielding plug trolley to position the lower part of the reflector 
between the manipulators and in front of the windows. 

Pick up the target and frame from the turning frame and lower it over the 
lower half of the reflector until the wheels rest on the rails of the 
cantilever frame. 

Remove the seat protection plate and roll the target and frame towards the 
mounting manifold so that it is located on the dowels and against the seal 
face. 

Turn the tee bolts to the ‘fastening’ position and tighten them to the 
required setting. 

Use the manipulators to pick up the thermocouple connector housing 
from the cradle on the handling frame and position it on the connector 
flange, reassembling and tightening the vee clamp bolt to the required 
setting. 

Remove the lifting dowel locking pins and roll the frame away to release 
the target. 
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A.30 Lift the Frame away relocating it on the target turning frame on the 
lifting table. 

A.31 Reconnect the two flexible coolant pipes to the case cooling connector 
flanges and tighten them to the required setting. 

A.32 Roll the reflector trolley back to the operating position , and insert the 
operating position docking pin into the hole in the reflector trolley. 

A.33 Raise the reflector above the fixed jack pads by 20 mm and rotate them 
through 90 degrees using the manipulators. 

A.34 Lower the reflector down into the operating position and remove the 
lifting frame. 

A.35 Pick up the halo monitor from its cradle on the cantilever frame using the 
manipulators and reposition it in its operational position on the front of 
the reflector Trolley. 
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LANSCE target calculations 

D. L. Grisham and R. D. Brown 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

The LANSCE target presently operates at a beam current of 30 pA. We present here 
the results of the finite-element calculations for the temperatures and stresses in the 
present target operated at 100 PA. The calculations were run using the ABAQUS 
finite-element code. All finite-element codes require as input both the boundary 
conditions for the material being heated and such material properties as the thermal 
conductivity, specific heat, and the elastic modulus. For the LANSCE target, the 
boundary conditions involve knowing the power deposition from the beam, and the 
heat-transfer coefficients between the tungsten-alloy cylinder and the cooling water. 
We believe that these numbers are quite well established. 

The target material is a powder metallurgy alloy of tungsten, iron, and nickel (96.2% 
W, 3.8% Fe and Ni). Although the properties of pure tungsten are well known, the 
properties of this particular alloy have not been found in the literature. Figures 1,2, 
and 3 show the available literature information on pure tungsten and a few tungsten 
alloys. 

Calculations were run for both the steady-state and transient conditions. The former 
allowed us to determine the equilibrium temperature and stresses; the latter allowed us 
to decide whether thermal shock might be a problem. In the steady-state case, the 
power deposition, thermal conductivity, and the cooling rate determine the 
temperature. The maximum heat-up rate for the transient case is determined by the 
power deposition and the specific heat. 

The heat-up rate in the transient calculation is far below the rate required to produce 
thermal shock. The thermal expansion, which is dependent on temperature and the 
expansion coefficient, determines the stress in the target. The calculations were done 
using the material properties identified in Figures 1-3 as “LANSCE CALC”, and the 
beam parameters were 12 pulses per second with a total heat deposition of 25.78 kW 
in a pattern furnished by Gary Russell of LANSCE. Figure 4 shows the equilibrium 
temperature of 860 K calculated in the pulsing mode at the hottest point. 

Figure 5 is the temperature distribution of the entire target in the steady-state 
condition. Figure 6 shows the steady-state stress distribution, which should be 
compared with the yield stress of 690 MPa. Since the highest stress value, 730 
MPa, is above the yield strength but below the ultimate strength of 980 hIPa, some 
local yielding would occur. Both strength values were furnished by the vendor. 
These conditions would not result in a catastrophic faihtre, but would probably cause 
some local surface cracking. 
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Fig. 1 Thermal expansion coefficients versus temperature for tungsten and three 
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Fig. 2 The thermal conductivity for tungsten and three alloys. 
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Fig. 6 The steady-state distribution for the entire target. The cylinder axis is the 
left vertical side, with the beam centered on this axis. The maximum stresses occur 
at the cooled end faces. 
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These calculations are done with both physical and thermal properties that have not 
been determined for the particular alloy being used. LANSCE is now preparing to 
have the real properties measured, at which point the calculations will be redone 
using the measured properties. Only at that point can the effect of the 100~pA beam 
current on the existing LANSCE target be properly determined. 
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Workshop summary on target systems 

R. Woods 
LOS Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 USA 

This session focused on operational experience with target systems and subsequent 
improvements to such systems. The ISIS target failed twice in 1987 providing the 
unwanted, but very useful, experience of changing the target. An excellent 
presentation by Tim Broome and an accompanying video of the actual target 
changing provided a very complete description of the process, the tools required, the 
human interface to their remote handling cell, and the increased time required when 
doing work through a remote handling system. The management of the human 
element, particularly the personnel operating the remote handling, provided valuable 
information for other facilities facing a target change in the future. The process 
allowed ISIS to improve the tooling and the process between the two changes. They 
discovered that advanced planning is extremely crucial and determines the efficiency of 
the actual process. 

The LANSCE target section presented three papers dealing with operation of the 
LANSCE target-moderator-reflector-shield and calculations of the heat profiles in the 
tungsten target material. Tom Summers discussed the electronics for controlling the 
liquid-hydrogen moderator. When the cryogenic system shuts down, one has about 
six minutes to get it going again before it vents, which then requires the eight-hour 
cool-down procedure. The human interface to determine the failure quickly combined 
with an easily understood system graphic has allowed even inexperienced personnel to 
recover before venting. 

Alan Kemodle discussed the monitoring system based on a personal computer. The 
purposes of the monitoring are to both sense trends that could lead to breakdowns and 
provide a diagnostic history preceding a breakdown to determine the cause of failure. 

The heat-transfer properties of target materials determine the temperatures reached 
within a system. This is complicated at LANSCE by the low-duty-factor pulsed 
structure of the heat source-the proton beam and subsequent spallation processes. 
To design higher power targets, the validity of heat-transfer calculations is crucial. 
These calculations are compared to operating values to develop proper calculational 
methods. 
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Summary of contribution to the ICANS-X panel 
discussion 

C. D. Bowman 
Physics Division 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

I have spent the past three years developing neutron nuclear physics research at 
LANSCE with attention to applied science and fundamental symmetry studies in the 
energy range from thermal to 10,000 eV. I am, therefore, the only panel member 
who is not working full time in a neutron scattering program, although I am 
strongly interested in the subject. Therefore, my perspective on the development of 
spallation neutron research might be substantially different from the rest of the panel. 
Also, the views expressed here are personal and are not necessarily those of the 
Laboratory. My first remarks are related to spallation-source development in general. 

First, I assert that the field of neutron-scattering research still is dominated by reactor 
science although spallation sources have made some inroads. As long as the pulsed 
sources focus major attention on duplicating the powerful capabilities aheady in place 
at reactors, the real potential of the pulsed sources will fail to develop. We must 
emphasize our advantages of time-of-flight techniques and the very intense epithermal 
portion of our neutron spectrum. Pulse widths of hundreds of microseconds and cold 
neutrons should not dominate the planning for future spallation sources unless it 
becomes impractical to build new reactor sources or it becomes clear that these 
features put spallation sources substantially ahead of the best reactors. 

Turning now to future relationships between spallation sources, I wish to emphasize 
that each laboratory is unique in important ways and that we all lose by pushing 
toward some norm rather than taking advantage of our individuality. I will illustrate 
this by some remarks about the challenge to Los Alamos from other spallation 
sources and by suggesting a response. 

We have heard the reports at this meeting of the excellent reliability records of IPNS 
and ISIS at 90% and higher, of the significant achievements in proton intensity on 
target at those facilities, and of an impressive array of spectrometers on line. Where 
does this leave Los Alamos? At first glance, not very well off. With regard to 
reliability, even with the PSR operating at 95%, the typical LAMPF condition of 
85% leaves a net reliability of about 80%, which is a factor of three worse in 
mreliability than IPNS. With regard to intensity, even when we meet our 100- 
microamp specification, we will have no dominating advantage over our competitors. 

We also fall short in terms of number and variety of spectrometers. With fewer 
spectrometers, only moderate intensity advantage, limited annual operating hours, and 
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most important, inferior reliability, we have to worry that most users who can do 
their exDeriments elsewhere will go elsewhere, 

The key to the future at Los Alamos is to establish the capability to do experiments 
that cannot be done anywhere else. This means instruments built for the highest 
resolution, or for the highest intensity, making the utmost of our low repetition rate 
and high pulse intensity, and instruments that work in the extremes of the energy 
range-in particular, the higher energies. Not only would we be able to do 
experiments that would be nearly impossible elsewhere, we also would be opening 
up new areas of science. We place ourselves fiily in the avant-garde of neutron 
scattering and build our image around the innovative and creative. Users will come 
here in snite of unreliabilitv Droblems for forefront science that can onlv be done 

&!ZZ% 

Fortunately, we are still well positioned to take this direction. The intensity of our 
neutron pulses, even now, is unmatched, and this advantage will improve 
substantially. Our target design offers advantages in flexibility and effective 
moderated neutron intensity. Our spectrometer construction is just beginning, and& 
is still possible to avoid duplication of instruments elsewhere. Our existing high- 
intensity powder diffractometer and the Be-filter difference spectrometer already are 
focused on intensity-limited experiments. We have the world lead in production of 
polarized beams. We are the only laboratory dealing with high counting rate by 
measuring neutron-detector current. We have in close proximity experimentalists 
with long experience in epithermal neutron spectroscopy. 

We have strong institutional advantages as well. Our PSR/Line-D complex of 
Targets 1,2 and 4 provides solid capabilities simultaneously for neutron scattering, 
neutron nuclear physics, and defense science. Together, these three make up the most 
comprehensive neutron-research program anywhere covering almost twelve decades of 
energy from cold to 800-MeV neutrons. Each of these programs has major growth 
potential. When the time is right, we have the best in linac and storage-ring 
technology at Los Alamos to take the next step in neutron intensity for all three 
programs and also, finally, to eliminate the reliability issue. 

Critics will emphasize the risks in the program I advocate, which, I agree, are 
present. However, duplicating reactor capabilities, following the lead of reactor 
science, and emphasizing mid-range and general purpose instrumentation that aim at 
the present average user expose us in an unacceptable competitive position. Prudent 
risk-taking is the safest route to the future for Los Alamos. 

As emphasized earlier, other spallation sources will adopt different positions for 
sound reasons that are special to their situations. We are probably all better off if the 
different spallation research programs do not look the same. 
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In general, users don’t care about the source characteristics or even the type of 
source-what they care about is the performance of specific instruments for specific 
experiments. It is the instrument designers who dictate what source characteristics 
are necessary or desirable to achieve specific levels of instrument performance. From 
an instrument designer’s point of view, the time-structure (pulse shape and repetition 
frequency) of the source and the time-averaged intensity as a function of wavelength 
are the hvo most important source parameters. Clearly, the source time-structure is 
of fundamental importance to those instruments based on traditional time-of-flight 
techniques. However, source time-structure can also be of considerable importance to 
some instruments that traditionally have been operated in a steady-state mode. If new 
sources are being designed, some of these traditional techniques should be reexamined 
from this point of view. 

Many instruments are now operated with a less-than-optimum source time-structure 
and could achieve significant performance improvements if the source time-structure 
were optimized. Consider, for example, the small-angle scattering instruments 
currently operating at pulsed spallation neutron sources. For these instruments, the 
pulses are typically much narrower than required, so lengthening the pulses could lead 
to significant gains in data rates with no appreciable loss in resolution. Another 
example is the triple-axis spectrometers, which have been so important at steady-state 
sources. Introduction of a non-steady-state source time-structure could permit the use 
of time-gating techniques to eliminate higher-order monochromator and analyzer 
reflections, and so eliminate many spurious effects from the data. All instruments 
involve tradeoffs between intensity and resolution. Source time-structure 
optimization in many cases allows some of these tradeoffs to be made at the source 
rather than in the instruments, so that fewer unwanted neutrons escape to contribute 
to the background. 

One of the great advantages of pulsed sources is the flexibility they provide in 
optimizing source time-structure and intensity-vs-wavelength characteristics. 
Moderators can be cold, hot, small and decoupled, or large and coupled. Several of 
these can coexist around a single target. If more than one target station were driven 
by the accelerator, preferably at different repetition rates, still greater flexibility could 
be achieved and a greater number of instruments could be physically accommodated. 
Such a dual- or multi-target facility should be seriously considered when a new pulsed 
neutron source is planned. 
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G. Dolling 
Atomic Energy of Canada Limited 
Chalk River, Ontario 
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My role on this panel is to represent t$at group of users who wish to measure S(Q, 
O) at specified, pre-selected values of Q and o. Until now this kind of measurement 
has always been reasonably easy to do with a triple axis crystal spectrometer (TACS) 
at a continuous source of neutrons, and rather more difficult to do with a time-of- 
flight (TOF) machine at a pulsed source. Only those physicists who were 
extraordinarily hard-working and persistent managed to get any useful specific s(Q, 
W) data, using TOF methods. The lazy physicist (like me) simply emigrated to a 
place where triple axis spectrometers were located, or where he could build new ones. 
Well over 90% of all specific (Q, w) research has been done the easy way during the 
past 30 years. Human nature being what it is, I suspect there will continue to be a 
group of physicists who want the spectrometer to do all the work for them, requiring 
little or no advance planning and presenting them with results that can be fully 
comprehended with essentially no data analysis. They can then devote all their 
attention to the physics of the problem at hand. This is the essence of the TACS; 
Long Live Bert Brockhouse! 

It has not so far been feasible to use a conventional TACS at a pulsed neutron source 
because there is insufficient time-averaged intensity. The pulsed source user is 
obliged to use TOF methods, so naturally there has been much effort devoted to 
making it possible to do specific (Q, o) measurements with a TOF spectrometer. 
One of the better examples along these lines is right here at Los Alamos-the 
Constant Q Spectrometer; PRISMA at ISIS is another excellent example. There are, 
however, significant limitations to the flexibility of these instruments, which I do 
not have space to discuss here. It seems likely that they will not be capable of 
supplanting the conventional TACS for a substantial body of fundamental research 
work. (Anyone who wants more details is welcome to contact me.) 

I wonder whether it might be worthwhile, just for fun, to put a TACS at a spare 
beam port at LANSCE? Is the TACS that John Yarnell used to use at the Omega 
West reactor still available? One recalls the truly superb work he did, for example, 
on phonons in diamond. The only modification to a conventional TACS that would 
be nice to have would be a computer-controlled gating system for allowing the smgle. 
detector to accept neutrons only .for a suitably chosen. 100~p.s ‘period, at a tithe after 
the machine pulse that would only allow the incident and then the scattered neutrons, 
at their calculated speeds, to travel the known distance from the source to the detector. 
This way one could easily suppress most of the background noise and all the order 
contamination problems, which can be quite a nuisance to TACS users at steady state 
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neutron sources. Of course, for optimum results one should really use a different 
pulse structure at the spallation source: broad pulses (-200 to 300 l.uxc) at 50 to 100 
Hz would be good enough for order elimination and background reduction, and would 
permit much better thermalization of the fast neutrons in the target. The time- 
averaged flux could be 20 times better than it is for a target-moderator system 
designed for sharp pulses. Is it too late now to redesign the Swiss SINQ so as to 
produce a suitable broad-pulse time structure without sacrificing any time-averaged 
intensity? This would surely make it a much better neutron source for TACS users! 
Is anyone prepared to give this idea a try? 
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P. A. Egelstaff 
University of Guelph 
Guelph, Ontario 
CANADA 

General items 

Experiments completed with the existing sources worldwide have shown that much 
good work can be done with present flux levels. In many cases the urgent need is for 
long-term stable running conditions. After this has been achieved there will be 
further requests for higher power levels, but again long-term stable running 
conditions will be emphasized as crucial to many experiments. In addition, many 
users work in other areas of physics and different disciplines and are not used to the 
problems of working in a “high-energy physics” environment. They need user 
friendly facilities and support services. Such services will also increase the 
productivity of all users and, therefore, should be regarded as essential. 

The points made above require the continuous attention of administrators and 
managers and should be given priority over any features that have been introduced for 
administrative or managerial convenience. 

Variable slow neutron sources 

As the experiments become more sophisticated, the source requirements become more 
extensive. Thus, at this meeting, we have heard requests for high-intensity wide- 
pulse sources and for sources giving very narrow pulses. The pulse repetition 
frequency has also to be varied to meet these needs from 100 Hz to 0.1 Hz without 
reduction of mean current. 

The aspects of source control imply control over the storage ring’s performance and a 
wide control over the moderate temperature (from kET - 10 E, for intensjty to 
k,T - 0.1 F& for narrow pulses, where E,, is the desired neutron energy.) The panel 
should discuss how the storage ring and moderator designers could develop designs 
that would give experimentalists control of this kind. Included in this discussion 
should be how one might achieve such results in reasonable cost and time frames. 

“Reasonableness” will become an important requirement as discussions of the above 
items are pursued, and both experimentalists and designers should take part in a joint 
dialogue to define this concept. 
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F. Mezei 
Hahn-Meitner Institute Berlin GmbH 
Glienicker Str. 100, D-1000 Berlin 39 
FEDERAL REPUBLIC OF GERMANY 

The field of high-resolution inelastic spectroscopy at pulsed neutron sources is still at 
its beginnings. However, a closer analysis of the opportunities reveals that in this 
particular field of applications, the pulsed nature of these sources offers distinct 
advantages compared to continuous sources. Assuming that the resolution 
improvement is achieved by using longer flight paths (which is well feasible without 
undue intensity losses, even for relatively short wavelengths, by the application of 
ordinary or supermirror coated neutron guides), the intensity penalty turns out to be 
just proportional to the resolution increase, because either the pulse length or the 
wavelength baud can be kept constant. This is in contrast to losses increasing with 
higher powers of the resolution gain on continuous sources. 

In any case, the main limiting factor in inelastic spectroscopy, in general, and in 
high-resolution spectroscopy, in particular, is the neutron intensity. Therefore, 
flexibility of resolution is crucial to obtain the optimal resolution-intensity 
compromise for the particular feature studied. The asymmetric resolution functions 
often encountered on pulsed sources offer a fortunate (and rather surprising) 
possibility, which is fully understood and tested by now. In a wide variety of cases, 
we can simultaneously derive advantage from both the better resolution offered by the 
sharper edge and the higher intensity corresponding to the full width of the resolution 
function by extracting all information from the measured spectra using proper 
mathematical approaches. 

The main implications of these considerations concerning the characteristics of an 
optimally adapted neutron source are: (a) low pulse repetition rate is to be preferred 
(some 10 Hz or less) to allow the use of long flightpaths; and (b) best flexibility for 
optimizing resolution and intensity is provided by maximum intensity, unpoisoned, 
and coupled (“big fat”) moderators and pulse-shaping choppers. 

By now it is perfectly clear that the best performance in the next generation of 
neutron sources can be expected from advanced pulsed sources as opposed to reactors, 
not only at short wavelengths where pulsed sources have already proved to be 
superior, but over the whole spectrum of wavelengths and applications. A pulsed 
source offering some hundred times the effective useful flux of ILL might be within 
the realm of the possible by the turn of the century. 
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A. D. Taylor 
Rutherford Appleton Laboratory 
Chilton, Didcot, Oxon, OX1 1 OQX 
UNITED KINGDOM 

Users are a nuisance, but they are essential to ensure the long-term funding and 
optimum utilisation of research facilities as expensive as advanced neutron sources. 
Users are also naive, and so we should follow the tradition set by Lord Reith, the 
founder of the BBC, and give them what is good for them rather than what they want! 
The typical user wants ten times more flux, ten times better resolution and ten times 
more beam time! But the history of neutron scattering shows that advances are 
instrument-let rather than science-led. This is perhaps inevitable in a field such as 
condensed matter studies where neutron scattering is but one (albeit a very important 
one) of the techniques available. 

The current generation of accelerator-based pulsed neutron sources represent one such 
major advance giving, as we have seen at this conference, significant improvements 
in resolution (from the sharpness of the pulses) and signal-to-noise (from the time 
discrimination of fast and thermal neutron). Source reliability at greater than the 
80% level is essential for efficient scheduling of a user programme, and that has now 
been shown to be achievable. Powerful computing tools are also essential to allow 
the user to extract the meaningful information from the deluge of data, and these will 
continue to be developed in a user friendly way. One promise held out by pulsed 
sources is the exploitation of the fixed-scattering geometry to allow the use of exotic 
sample environment. Development funds spent in this area will be well rewarded. 

For the next generation neutron source we should try to combine the newly 
discovered advantages of the high resolution, sharp pulse spallation sources with the 
experience built up over the years on steady state sources. The SD1 programme has 
shown that the current generation of accelerators are nowhere near their technological 
limit. A relatively modest increase in proton current, to say 1-2 mA, would not only 
boost the performance of traditional time-of-flight instruments but also give 
sufficient flux from an unpoisoned moderator to compete effectively as a steady state 
source whilst retaining all the advantages of a pulsed source. Incorporation of time 
discrimination for order and background suppression on a triple-axis crystal 
spectrometer is a truly exciting prospect. 
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Advanced spallation sources; scientific opportunities 
and technical feasibility 

G. S. Bauer 
PaulScherrer Institute 
CH-5234 Villigen 
SWITZERLAND and 
Kemforschungsanlage Jiilich 
D517 Jiilich 
GERMANY 

1 The Scientific Case for an Advanced Neutron 
Source 

Neutrons, among several other methods, are a scientific tool in the quest 

to understand the laws governing the behaviour and interaction of many 

particles in closed or open systems. While the properties of the individ- 

ual particles in question (ions and electrons) are quite well understood 

and relatively simple in nature, the net effect of their interaction is the 
full complexity of matter and its macroscopic properties, which, to a 
large extent, still evade our understanding. 

Traditionally, severals distinctive fields of research used to deal with this 

complexity and to try to unveil its secrets: 

- physics 

- chemistry 

- molecular biology and 

- microbiology. 

In a certain sense, although dealing with different degrees of complexity, 
their common goal is to understand the laws that govern the interaction 

of many particles in a system and - ultimately - to exploit this know- 
ledge for increasingly sophisticated technologies to produce subtances 

with new and predetermined properties. In most cases in the past such 
progress has been made in a heuristic fashion by trial and error but in 

recent years detailed understanding of the underlying laws has played an 
ever increasing role in this process. Nevertheless there remain wast num- 
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bers of phenomena and effects which are not yet fully understood and 

which require continuing efforts and scientific scrutinity together with 

the use of a variety of tools and techniques for their solution. Important 

examples are: 

- the formation and transformation of structures and order in 

physical, chemical and biological systems 

_ the interplay of order and chaos 

_ the dynamics of states far from equilibrium 

_ and many more. 

Understanding of such problems will come about in tiny steps and will 

require the use of whatever clue is available, an important one being 

the scattering of radiation from the constituents of the system in ques- 

tion. Since these constituents tend to respond differently to different 
types of radiation the possibility to apply the various types of radiation 
depends on the ability to couple to the phenomena in question and on 

the resolution that can be obtained to extract the desired information. 

X-rays, or light in general, and neutrons are two typical examples of 

such complementary tools which, in some cases many furnish equivalent 

information, in others reveil completely different aspects of a given prob- 

lem. Despite a rapidly growing range of applications of light scattering 

as brought about by the advent of new and powerful light sources, there 

remain a number of cases in which neutrons, due to their very physical 
properties cannot be substituted (see also: D. Moncton, 1988). The 
most important ones of these properties are: 

- the simplicity of the interaction of the neutron with matter, 
which leaves little ambiguity in the interpretation of measured 
data 

- the isotope-specific scattering amplitude for neutrons which 

does not depend in a regular fashion on atomic mass or charge 

and hence allows distinction of nuclear species which are dif- 
ficult to distinguish otherwise. This property is frequently 
used for contrast variation by isotopic substitution. 

- the weak interaction of neutrons with matter, which not only 

allows investigation of bulk properties in thick samples but 

also makes extreme environmental conditions possible, often 

requiring massive sample containers. 
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- the fact that neutrons not only interact with nuclei but also 

with magnetic moments, which makes them the best avail- 

able tool for the study of collective magnetic phenomena on 

a microscopic scale. 

- the fact that not only the wavelength of thermal neutrons is 

in the range of atomic distances in condensed matter but also 

their kinetic energy is of the same order of magnitude as the 

energies of elementary excitations, which makes structural 
and dynamic studies possible at the same time. 

l?or several decades it was a fact that neutrons are much more expensive 

than X-rays, but this situation is about to change with the advent of 

the synchrotron light sources, which are not much cheaper than neutron 

sources any more and which require instruments of a degree of sophis- 

tication which is at least comparable to, if not more demanding than, 

present day neutron spectrometers. 

This fact, and the uniqueness of the neutrons as a scientific tool, to- 
gether with the fact that neutrons are making their way. also towards 
more routine technical and industrial applications not only justifies but 
makes it mandatory to give some thought to the question, how the full 
spectrum of neutron scattering techniques can be improved and made 
available to a growing community of users in the future. 

2 Directions of Progress 

Although generally hard to predict, the likely development of the scien- 
tific needs and the instrumental techniques is an important factor when 
contemplating the layout and design of a possible future neutron source. 

While a certain flexibility to adopt upcoming new ideas must always be 

retained, several trends are clearly observable at present: 

- Improved resolution 

As the information extracted from scattering experiments 

becomes more and more detailed, the need for continuous 
improvement in resolution becomes more and more obvious. 

Since it is not possible to produce monoenergetic neutrons, 

the desired energies have to be selected from a wide band, 

with a corresponding loss in intensity and hence counting 
statistics as the resolution is improved. On cw-sources this 
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tradeoff between intensity and resolution is unavoidable. The 
idea with pulsed sources has been to provide the higher reso- 

lution by time of flight techniques and compress as much as 
possible of the total intensity into those time bins actually 

used. This lead to the lengthy discussions on an optimum 

moderator design which have dominated much of the previ- 

ous ICANS meetings. 

- Smaller or more dilute samples and small cross sec- 

tions 

In many cases the amount of sample material available can de- 

termine the duration of a measurement because of the limited 

luminosity of the source. While in some instances focussing 

techniques can help to to a certain extent, the problem is not 

much diffrent from the resolution problem; we are just look- 

ing at different coordinates of phase space. 

As for very dilute samples it is one of the beauties of neutron 

scattering that large volumes can be used if no strongly ab- 
sorbing materials are present. 

Small cross sections of the phenomena under investigation 

will require good enough statistics to separate off those events 

which are not of interest. This is sometimes a matter of res- 

olution, some times of intensity but often also a question of 

the availability of the optimum measuring technique. 

Parametric studies 

Since transitions from one state to the other are among the 
most fascinating problems in many particle systems, it often 
becomes necessary to measure the scattering as a function of 
several external or internal parameters of the system, or, even 

more difficult, as a function of the rate of change of these pa- 
rameters. This is certainly a field where substantial progress 
is still ahead, provided we can sharpen our tool enough to 
tackle these problems _ 
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More clear cut information 

Although neutron scattering in itself is comparatively easy to 
interpret and well understood, there remains one parameter 

which is usually not fully exploited and hence the interpreta- 

tion of the scattering data often requires additional informa- 

tion. This parameter is the spin dependence of nuclear scat- 

tering which is the main cause for neutron scattering to be 

either coherent or incoherent. Separating these two types of 

scattering by analyzing the polarisation before and after scat- 
tering offers great potential but is on the expense of at least a 
factor 4 in intensity if done in the traditional way. However, 
recently some hope has been created that, on sources with 

a suitable time structure, this loss factor may be reduced by 
separating neutrons with the spin up and down in time and 

then flipping the spin of the ones coming in later (H. Rauch, 

1985 / H. Rauch, %986). 

- Extended range of neutron energies 

The fact that the neutron’s kinetic energy when in equilib- 
rium with an ambient temperature moderator is in the range 
of the most common exitation energies in solids originally 
triggered the success of inelastic neutron scattering. How- 
ever, excitation energies in many particle systems range from 

very low up to several eV or more. As a consequence, and 

also to be able to work around existing dispersion relations 

and conservation laws, the range of neutorn energies used has 

been expanding continuously. 

Mainly for practical reasons this expansion first went to the 
low energy side. Here it is now about to reach its limiting 
value with “ultra-cold” neutrons which can be stored in a 
vessel because they are totally reflected from the walls at all 
angles. Since the density which can be obtained with these 
neutrons depends on the phase space density and hence the 
flux level at which they are created, sources with time struc- 
ture offer a potential for extra progress. 

On the other end of the useful neutron spectrum, at epither- 
ma1 energies, the expansion has been limited by experimental 
difficulties on cw-sources. These result from the difficulty of 

providing suitable phase space shaping devices such as high 
performance choppers and from the extremely small take- 
off angles from monochromating crystals. Here, too, pulsed 
sources brought about substantial progress because (a) ep- 
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ithermal neutrons are more abundant in their spectrum and 

(b) time-of-flight techniques are better suited in this energy 

range but require an intrinsically short pulse. 

3 Ways of Improvement 

The relatively short history of neutron scabtering has seen a spect.acu- 

lar development both in the intensity available from the reactors, which 

are the traditional neutron sources, as well as in sophistication of t,he 

experimental techniques used. The new ANS project (C. West, 1988) 

represents the latest state of the development of fission neutron sources 

and, as far as one can see today, it is definitely exploiting the limits of 
what is considered as feasible with present day technologies. 

On the other hand, the need to select only a small fraction of the neu- 

trons produced for many of the experiments has triggered considerable 

thought, how the efficiency of neutron use could be improved. In many 

cases this is possible by moving away from an even time distribution of 

the neutron production and thus by exploiting an extra open parameter. 

Very significant advantage factors have been achieved in this way on the 

existing spallation neutron sources and we are presently in a situation 

where the pulsed source ISIS at the Rutherford-Appleton Laboratory 

can in several fields compete with or even outdo the thousand times 
more powerful high flux reactor in Grenoble. However, this spectacular 
success is limited to only a relatively narrow range of the spectrum of 

scientific activities in question. Also, in order to achieve this success, 

a specialisation on short pulse time-of-flight techniques was necessary. 
This generally means that only 5 % of the total possible flux is permitted 

to leave the moderators in order to obtain the desired short pulses. Still 
this figure compares favourably to the number around 0.01 % one would 
obtain if a similar TOF-resolution would be attempted on a cw-source. 

Thus, on the source side, two ways of improvement can be seen at 

present: 

- increase the neutron production rate and/or 

- improve the utilisation factor for the neutrons produced. 
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For accelerator driven neutron sources, increasing the neutron produc- 
tion rate means either a more powerful accelerator or a higher yield 
target. While the first option is primarily a question of money, with a 
lot of progress possible both from a theoretical and a technical point 
of view, there is a physical limit to how high a target yield can be an- 
ticipated from the spallation process. Roughly speaking, this is about 
20 n/p/GeV. If one wants to go beyond this number, one would have 

to ressort to fission as a way of neutron multiplication. Although a vi- 
able option on low power sources (J. Carpenter, 1988), this introduces a 
qualitative difference from the concept of a spallation target in various 

respects: 

(a) 

04 

(c) 

(d) 

(e) 

For a SPNS (Short Pulse Neutron Source), thermal fission in 
the booster has to be avoided since this would lead to a source 
pulse whose length is determined by the decay constant of the 
thermal neutron field in the moderators. As a consequence, 
the target (1) has to be heavily decoupled to allow fast fis- 
sion only and (2) b ecomes very massive and large due to the 
smaller probability for fast fission (G. Bauer, 1986). 

A booster target will thus contain a substantial amount (up 
to more than 100 kg) of fissile material (U-235 or Pu) and 
hence will require a different operating license and safeguard- 
ing measures. 

Most of the heat generated in a booster stems from fission 
and, depending on the desired multiplication, so do most of 
the neutrons, making the accelerator an expensive start-up 
source. 

As a consequence of more severe engineering constraints and 
increased requirements to safety barriers, as well as the larger 
extension of the primary source, the effective flux gain from 
the moderators will be at least a factor of 2 less than the 
multiplication in the target. 

Since the source multiplication is roughly given by 

M= l 
1 - k,ff 

it is necessary to operate a near-critical arrangement to get a 
good increase in moderator leakage. This introduces a num- 
ber of problems in avoiding criticality in all stages of manu- 
facturing, installation, operation, removal and disposal. 



632 Advanced spallation sources 

(f) The target lifetime is not determined by fission burn-up, but 

by damage due to irradiation and cyclic stresses. It is, there- 

fore, very costly to replace and reprocess the targets at the 

intervals needed. 

(g) Since fission is the dominating process, delayed neutron pre- 

cursors become abundant. Most of them are created during 

the pulse in proportion to the multiplication factor M. Since 

these neutrons will again be multiplied by a factor IvI as they 

decay between the pulses, the neutron background between 

pulses is likely to increase roughly as M2 (not relative to a 

tungsten target, where it is very low, but relative to a de- 

pleted uranium target!) 

(h) About 30 % of the neutrons escape from the moderator at 
high energies. These normally come during the t=O pulse 
and can be suppressed by gating the detectors. This is not 
true for the delayed unmoderated neutrons. These therefore 

constitute an extra background problem. 

(i) Reducing the problem of delayed neutron background be- 

tween pulses either requires difficult to build background ro- 

tors at each beam line or a reactivity modulation for the 

target. The latter is technically very complicated although 

it does not have the same safety relevance as the reactivity 

modulator of a pulsed reactor. 

In view of these facts the technical feasibility of a high-multiplication 

fissile target will not be discussed any further at this point. It seems 

more beneficial, at present, to review other possibilities, in which a time 

structure on the source flux can be exploited. (see also: G. Bauer and 

R. Scherm, 1986, R. Scherm and H. Stiller, 1984 and G. Bauer et al, 
1981). 

- The most obvious and widely used way is separation of neu- 
tron energies by direct or inverted TOF which either requires 
intrinsically short pulses or suitable pulse-shaping devices 

which operate in phase with the source; the first option being 

clearly preferrable. 

- Another obvious option which works on all methods that do 

not utilize neutron flight time is to take advantage of the short 

periods in which the desired neutrons arrive at the detector 
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to reduce backgrounds and higher order contaminations in 
the beam by a suitable time gate. This option can probably 
compensate a flux disadvantage factor of 2 to 3. 

- Correlation time of flight techniques which are designed to 
use up to 50 % of the available beam are normally plagued 
by the fact that the smaller peaks of interst are sitting on a 
high background of “non-successful” correlations caused by 
more intense peaks in the spectrum. With a suitable time 
structure on the source this can be avoided by a coarse con- 

ventional TOF selection and a correlation interval restricted 
to the region of interest (see Fig. la and lb). 

- Phase space transformations by moving crystal devices can 
provide substantial intensity gains in many cases. Such de- 
vices usually work in a periodic fashion. The times, when 
the desired conditions are fulfilled can be synchronized to the 
pulses from the source, thus using the full time average in- 
tensity. 

- Another technique, which becomes mainly important when 
TOF separation is not used in very high resolution work, 
is to delay neighboring neutron energies by one pulse width 
in time through an appropriate “detour” in space. In this 
way, the average flux of the source can be used several times 
between pulses. 

- Finally, using electromagnetic forces on the neutron spin (fre- 
quently in conjunction with perfect crystals, H. Rauch, 1985 
/ H. Rauch, 1986) makes it possible to successively trans- 
form different phase space elements or spin orientations into 
the desired one. These devices require ramping of fields and 
hence also work in a periodic way with the resulting option 
of handling the full time average flux on a source with appro- 
priate time structure. 

It is important to note that, out of all the options mentioned 
only the first one requires really short pulses and hence makes 
it necessary to compromise between pulse length and time av- 
erage flux. The other methods, some of which still require further 
development, can mostly handle pulses of a few hundred microseconds 
duration and actually depend very little on the shape of the pulse. 
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Fig. la Univariable correlation (or Fourier) spectrometer at a pulsed source 

with fixed incident (a) or fixed detected (p) neutron wavelength. 

The source acts as a conventional chopper of a host spectrometer 

with coarse time resolution_ 

Obviously, the gains that can be expected from the various methods of 

using the time structure relative to a cw-source of equal time average 

flux vary and also depend on the details of the time structure available. 

They range from the full peak-to-average flux ratio (or more, considering 

the transmission losses in choppers) to about an order of magnitude or 

even less in other cases (R. Scherm and Ii. Stiller, 1984). Nevertheless, 

considering what it means to increase the source flux by an order of 

magnitude, these options should be taken into account when planning a 

second generation spallation neutron source. 

4 Outline of a Medium to High Power Target 
System 

Cw-neutron sources are now aiming at a flux level of 10’6cm-2sec-’ 

(C. West, 1988). N evertheless it seems appropriate to use the presently 

available flux level of 1015cm-2sec-1 as a standard for comparison. This 

means that, in order to be competitive in the majority of neutron scat- 
tering techniques and significantly superior in all TOF-techniques one 

should aim at a time average flux of a coupled and unpoisoned moderator 
in the regime of a few times 10’4cm-2sec-1. From various experimental 

and theoretical studies presented in detail in previous ICANS-meetings, 
it is clear that this requires about 1 MW of proton beam power on a 
pure spallation target. 

Other demands to an advanced neutron source with the above charac- 
teristics and the resulting technical requirements are listed in Table 1. 
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Fig. lb Correlation spectroscopy on a spectrometer as shown in Fig. la 
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simple TOF-spectrum of the sample showing a weak and a 

strong line. 

Pseudo-random pulse sequence of duration TIJ~ on ;t CW- 

source. 

Recorded spectrum at the detector composed from two COIII- 

ponents resulting from the two lines 

Spectrum obtained by cross correlating b and c. ‘Jk weak 

line is wiped out by the statistical fluctuations of the high 

constant level caused by the total intensity. 

Randon pulsiug of an intensity modulated source with a pc- 
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It is obvious from looking at this list that there seem to be conflicting 

technical requirements especially in the moderator design. Fortunately, 

however, in contrast to the situation on a fission reactor, a spallation 

target does not depend on neutron return from the moderator. This 

gives substantial flexibility in arranging moderators of different charac- 

teristics around the target. 

As a reference, let us assume that we have protons of 1.5 GeV, 750 PA 

time average current which are delivered at a repetition rate of 25 Hz in 

pulses of 5 ps duration. Such beam characteristics might result from ac- 

celeration in a linac or in an FFAG and injection into a post-accelerating 

system of rings like the CERN-booster with successive single-turn ex- 

traction from the rings. 

Although, at the beam power chosen, an internally cooled tungsten tar- 

get might still be feasible, it seems desireable to look for a system which 

has a perspective for further development and with no coolant present 

in the target region. 

Since, as mentioned before, the precise needs which might arise in the fu- 

ture cannot be predicted, not even a possible shift of emphasis in known 

uses between now and the time when a new generation neut.ron source 

might go into operation, it is probably wise t.o retain as much configu- 

rational and operational flexibility as possible and fix those parameters 

only which require an immediate technical solution, 

The configuration outlined in the following is by no means a technically 

mature proposal but it might indicate a route to follow when most of 

the above requirements are to be met. 

The source shown schematically in Fig. 2 has a unified target-reflector 

and inner shield system of lead-bismuth or lead which is partly molten 
during operation with the liquid zore extending as fas as required by the 

heat transport mechanism. 

Lead-bismuth is the choice material from the point of view of operating 

temperature and expansion upon melting, but, if more detailed studies 

showed that the temperatures are not a crucial problem and that ex- 

cessive materials loads due to melting and solidification can be avoided, 

lead might be preferrable since virtually no a-active products would be 

created. 
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Fig. 2 Schematic representation of’ a spallation target with integrated 

heavy metal reflector and inner shield. The target material around 

the proton beam insertion tube can be melted by the concentric 

hater. Heat removal from the molten zone below the insertion 

tube can lx either by natural convection (at relatively low power 

level) or by forced convection, if a pumping system is installed at 

the top. Cooling is efftctcd by tlw vertical hat crchangcr around 

tllc lwatcr/flow guide. %‘his concept allows cJJicicnt tailoring of 

the neutron spcctrrrru by tlic position of the beam tubes relative 

to the tip of the beam iwcrtiori tube as well as by tlic clroicc of 
~iiodcralors iriscrtcti in tllc ric~lrol~ I)C;III~ cstr;~ctioii tubes. ‘l’ll(! 
cxtcrlsioll II tllc In0ltcrl %arIc tici)crlds ofi tllc J)rotori bcalli t’a\\‘c!r. 
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Into the vessel containing the heavy metal there intrude: 

- the proton beam insertion tube from the top 

- a heater system to melt the target before the proton beam is 

switched on 

- a cooling system to remove the heat created in the interaction 

zone by natural convection or, if necessary by forced convec- 

tion. 

- several horizontal tubes which are designed to house the mod- 

erators and the neutron beam extraction tubes and which are 

held at low enough temperatures to be surrounded by a solid 

layer of target/reflector material. 

The system also has a dump outlet at the bottom and an auxilliary 

heater to melt the whole contents of the vessel when it needs to be 

emptied. 

With the proton beam inserted from the top, such a system has the 

following technical advantages: 

- Only the beam insertion tube and the vertical heat.er are in 

contact with the liquid metal 

- The only solid part with high temperature and high radiation 

load is the tip of the beam insertion tube. Its integrity can 

be monitored easily via the vacuum system. If it breaks, the 

only result is a rise of the target material in the tube. 

- The volatile spallation products are collected in the space 

above the liquid target and hence do not constitute a hazard 

if the beam insertion tube breaks. They can also be removed 

continuously or in batches to minimize operational hazards 

even further. 

- Exchange of the beam insertion tube can be accomplished 
relatively easily by first pulling it up when the target material 

is molten and then removing it when it is frozen again and 
all volatile spallation products have been trapped. 

- There is no need to ever change the target material 
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- The water cooling of the horizontal tubes can be used as pre- 

moderator if designed suitably. 

- The design of the moderators can be varied according to the 

needs arising. They can be exchanged without access to the 
top of the target area. 

- Beam tubes can be designed to serve widely different pur- 

poses; from cold neutron beams all the way to keV-beams or 

irradiation ports, if desired even in the very hard forward or 

the much softer backward spectrum. 

Although it is desireable to have a cooling system at the outside of the 

target vessel which can be subjected to an internal pressure to help 

melting the whole target material if necessary, the vessel might be sur- 
rounded by a water layer to moderate and absorb neutrons escaping 
from the reflector-shield system in order to reduce the activation of the 

surrounding outer shield. 

Cold and ambient moderators which are inserted into horizontal beam 

extraction tubes have been in operation for examples at. the 23 MW’ 

research reactor FRJ-2 at KFA Jiilich for many years and have been 

performing satisfactorily. Recently such a cold source has also been irl- 

stalled at the HFR in Grenoble. 

The decision, wether a given moderator should be viewed from two sides 
and hence be placed in a through tube or should rather be surrounded 

by as much reflector material as possible has to be made in the frame of 

a detailed study. 

It is beyond the scope of this paper to persue the concept in more detail 

but it is likely that, if forced convection is used, such a system could 
work in the multi-megawatt range since the choice of the material for 

the beam insertion tube is neutronically not critical and can be entirely 
determined by radiation and temperature restistance as well as by resis- 
tance to corrosion. The tube will have to be exchanged as a measure to 
prevent damage after a certain operating period. 
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5 Conclusions 

In order to meet with the growing demands both for neutron scattering 

facilities as such and for more sophisticated experiments to obtain more 
detailed and clear cut information, a new generation of neutron sources 

is necessary which allows optimum use of the neutrons produced to give 
enough intensity for very high resolution work as well as for the inves- 

tigation of phenomena with very low signal rates. Spallation neutron 
sources with a short primary neutron pulse and flexibly designed “fast” 

as well as coupled moderators together with a variety of imminent new 

phase space handling techniques have a prospect of satisfying the scien- 

tific needs also in the future. They are technically feasible both on the 
part of accelerators, which have not been dealt with in this paper and 

on the part of target systems, where new design routes can be followed. 
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Table 1 Demands and Resulting Requirements to the Constituents 

of an Advanced Spallation Neutron Source 

Demand Technical reauirement 
Proton Beam 

Short neutron pulses possible 

Moderately extended primary 

neutron source 

Possibility of long Sight path 

spectrometers I 
Average power on target around 1 Time average proton current around 

Proton pulses no longer than a few ,us 

Proton energy between 1 and 1,5 GeV 

optimum 

1 Repetition rate around 25 Hz 

1 1 MeV 

I Spaliation target 

1 0,7 to 1 mA I 

High neutron yield from spallation High 2 material (Pb, Bi, Ta, Mr) 

( Moderately extended primary High density target (minimum amount 1 
source 

Long target life time 

] High safety standard 

of cooling channels) 

Little susceptibility to damage from 

radiation and stress (liquid optimum) 

Target design that prevents escape of 1 

High beam power 

Reflector 

radioactivity in case of damage 

Good heat removal properties 

Short neutron pulses 

High average neutron flux 

High scattering cross section for fast 

neutrons. Reflector close to moderator. 

Low absorption cross section for thermal 

High power dissipation ( Good heat removal properties 

Moderators 

I 
Intrinsically slkort pulses Good slowing-down propcrtics, low 

escanc denth: crvorcnic moderator I 
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The U.S. Advanced Neutron Source 

C. D. West 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 
USA 

The ANS project 

The Advanced Neutron Source (ANS) is to be a new user experimental facility for all 
fields of neutron research. The most important scientific justification for the ANS 
Projectt1*21 is to provide intense beams of neutrons for scattering and other 
experiments: neutron scattering is a primary tool of basic and applied materials 
science. Facilities will also be provided for engineering materials irradiation tests, 
isotope production (including transplutonium elements), and materials analysis. 
More than 1000 users per year are expected to carry out experiments at the ANS 
facility. 

The source of neutrons will be a steady-state reactor designed to maximize the 
thermal neutron flux available outside the core, where it is accessible to neutron 
beam tubes and guides. 

The objectives of the ANS Project are: 
1. to design and construct the world’s best research reactor for neutron 

scattering; 
2. to provide isotope production facilities that are as good as, or better than the 

High Flux Isotope Reactor (HFIR); and 
3. to provide materials irradiation facilities that are as good as, or better than, 

the I-IF’IR. 
In addition to these objectives, certain constraints have been placed on the 
reactor designers. Specifically, safety issues and technical risks are to be 
minimized by basing the reactor as far as possible on known technology; in 
particular, the design should not rely on the development of new technology 
to meet the minimum design criteria. However, research and development 
(R&D) work that could lead to further major improvements in performance 
will be identified and planned. Furthermore, a high availability of the 
reactor should be provided to users. This constraint implies a minimum 
core life of about 14 d that, in conjunction with an average shutdown of 
3 d/cycle or 65d/year, would give an availability of more than 80%. 

The major design criteria for the ANS reactor (ANSR) are set by the user needs 
(Tables 1 and 2). The neutron beam experimenters, for example, want the highest 
possible flux of slow neutrons with a minimal contamination of the beam by fast 
particles. For irradiation testing of structural materials, especially for the fusion 
program, the opposite is required: a high fast flux with little thermal neutron 
content. 
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Table 1. User requirements in six major fields of neutron research: neutron flux 
and spectrum characteristics 

Neutron beam experiments 
Isotope production 
Materials analysis 
Transuranium production 
Fuels irradiation 
Structural materials 

Hot/thermal/cold Epithermal Fast 
High LOW 

High 
High 
Medium High 
Medium Medium 
LOW High 

Table 2. User design criteria for the ANS 

Parameter 

Peak thermal fluxa in reflector 
Thermal/fast ratio 

Thermal flux at cold source position 
Epithermal flux for transuranium production 

EpithermaWhermal ratio 
Thermal flux for isotope production 
Fast flux for small materials tests 

Fast/thermal ratio 
Fast flux for larger tests 

Fast/thermal ratio 

Minimum 
criteria 

25 
2 80 
>2 

2 0.6 
2 0.25 
2 1.7 
2 1.4 

2 0.5 
2 0.3 

a All fluxes in units of 1019 neutrons/(m2s1), or 1Ol5 neutrons/(cm2s1). 

Beam reactor design 

Nuclear reactors produce large numbers of neutrons, -8 x lOI6 neutrons/s for each 0 

megawatt of thermal power. These neutrons are born, within the core, with an 
energy of a few MeV, that is, they are fast neutrons. If the reactor core is small and 
does not contain an effective moderator material, most of these fast neutrons will 
escape into the surrounding medium, still with a high energy. If the surrounding 
medium is also a poor moderator and not an absorber, the fast neutrons will 
eventually be moderated down to thermal energies some distance outside the core. 
Some of these thermal neutrons will diffuse back into the core, maintaining the chain 
reaction; for this reason, the region outside the core is referred to as the reflector. 
Such a system has a high fast flux inside the core region and a high thermal flux 
some way outside it, with a volume of high epithermal flux in between. A reactor of 
this kind can simultaneously meet, in different zones, the seemingly conflicting 
requirements of the various user groups listed in Table 1.c3J 

This design for a high flux beam reactor is typified by the world’s most advanced 
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neutron-scattering facility, the Institut Laue Langevin (ILL) at Grenoble, France. 
The ILL reactor core is a compact annulus of aluminum-clad fuel plates occupying a 
volume of only about 46 L. The core is cooled by heavy water (a relatively poor 
moderator with low absorption), and the reflector is a large tank of heavy water 
surrounding the core. the power level is 57 MW, and the peak thermal flux-found 
in a region about 130 mm outside the fuel element-is -1.5 x 1019 neutrons/m2s1. 

Technology for the ANSR 

As indicated above, the secret of a high flux beam reactor is a small, high-power core 
in a low-absorption, low-moderation environment (perhaps 300 MW in a 40-L core, 
cooled and reflected by D20 for the ANSR). To build such a system, we require a 
fuel geometry that puts a large cooling surface in a small volume and also a high- 
density fuel form so that sufficient fissile material can be loaded to maintain 
criticality for at least 14 d at full power. The core design should optimize the 
thermal flux and spectrum in the reflector, while maintaining acceptable conditions of 
neutron flux and spectrum with acceptable gamma heating rates in the structural 
materials. 

Fortunately, the required technology is found in the HFIR, at ILL, and other existing 
reactors or has been developed since those reactors were built. Thus, the annular, 
involute element of aluminum-clad, cermet fuel plates has been used with complete 
success for the past 20 years in the HFIR and at ILL (Table 3 and Fig. 1). 

Table 3. Compact annular fuel elements similar to the ANSR design and used with 
complete success for 20 years on other reactors 

Fuel-plate 
thickness 

Cladding 
thickness 

Coolant 
channel Plate 

Reactor 
ILL 
HFIR 
ANSR 

( ) 
:; 
1.27 
1.27 

gap (mm) 
0.38 
0.25 
0.25 

length (mm) axial 
1.80 880 
1.27 + 610 
1.27 235 

The ANSR coolant and reflector will be heavy water; ILL and the High Flux Beam 
Reactor (HFBR) at Brookhaven are among the many research reactors that already use 
this technology. 

The coolant velocity in the ANS reactor may be 27 m/s, only 23% greater than the 
22 m/s that has been used at the Savannah River Plant; furthermore, experiments at 
Savannah River revealed no erosion problems for aluminum plates up to 30.5 m/s. 
The fuel form selected, in the reference design, is U$i2, which has been developed by 
Argonne National Laboratory and extensively tested in U. S., European, and Japanese 
reactors. In Fig. 2, the area to the left of and below the solid line is considered to be 
the “known region” of fuel loading and bumup, whose characteristics have been 
demonstrated by tests: the range of conditions expected within the ANSR, shown by 
the cross-hatched region, lies within the known region. However, special tests will 
be needed to verify that the fuel behavior is as expected under the very high rate of 
burnup expected in the ANSR. 
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Fig. 1 Involute (HFIR) fuel element. 
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Fig. 2 Burnup and volume fraction of U&G2 fuel. 
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The core is formed in two elements, separated by a heavy water gap. Compared with 
a core without the central gap, this arrangement (Fig, 3) provides efficient neutron 
production and reduces the gamma and fast neutron flux on the midplane. There are 
also some safety advantages. The National Institute of Standards and Technology 
reactor in Washington, D. C., already has an axially split core, and such a design is 
also proposed as an upgrade to the Jtilich heavy water research reactor. 

Fig. 3 Reactor core and reflector tank assembly with cold sources. 

Reactor safety 

The ANS Project intends to maximize inherent safety features of the reactor. For 
example, the large Department of Energy (DOE) reservation at Oak Ridge permits the 
reactor to be placed further from the site boundaries than even much larger power 
reactors. Compared with a typical power reactor, the low power level and fuel 
loading of the ANSR lead to a smaller fission product inventory and decay heat 
sources (Table 4). A large containment volume is needed to provide space for beam 
experiments, and this large volume (>lOO m3/h4W of thermal power compared with 
only -10 m3/MW for a typical light-water power reactor) is a significant safety 
feature. Unlike a power reactor, the ANSR will be designed so that the coolant is 
below lOO’C, so in the event of a pipe rupture the water will not flash into steam 
and challenge the containment integrity. Other features include the small core, which 
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limits the chemical energy available to drive an accident, and the large light-water 
shielding pool, which is an effective heat sink for accident mitigation and also would 
retain a large fraction of any fission products released helow its surface. The relative 
simplicity of a research reactor, compared with an electrical generating plant, is also a 
safety advantage. The high power density of the core, however, means that the time 
available to reestablish core cooling under emergency conditions is less than that for 
a power reactor; thus, emergency core cooling is an especially important issue. 

Table 4. Power levels and radionuclide inventoriesa 

Decay heating 
rate at various 

Operating Fuel Radionuclideb times after 
power mass inventory shutdown 

Reactor [Mw(Ol 0%) ( lo7 Ci)c 
50s 10,000s 

HFBR 60 12.4 2.1 2.7 0.5 
EBR-II 62.5 345 7.6 2.3 0.6 
HFIR 85 11.9 4.3 2.8 0.6 
ATR 250 39-46 24 12.6 2.4 
ANSR 300 25-30 9.0 9.9 2.2 
FFTF 400 2,928 31 20 

PWRd 3,414 101,100 160 100 26 
Savannah Rive+ 2,915 113,000 220 154 63 

Data for reactors other than the ANS are taken from Table 1 of Safety Issues at 
the DOE Test and Research Reactors, National Academy Press, Washington, 
D. C., 1988 
Radiologically important isotopes of Kr, Xe, I, and Cs calculated at shutdown 
for refueling. 

1 curie = 3.7 x 1010 becquerel. 
Typical commercial pressurized-water reactor. 
Savannah River production reactor at full power. 

The ANS Project has, from the beginning, taken a proactive approach to safety. The 
Safety Analysis Manager, even at the early stages when design detail was insufficient 
to carry out extensive calculations, was at the same management level as the R&D 
and Engineering managers, reporting to the Project Director. A safety philosophy 
was established early in the preconceptual design phase, documented (as a living 
draft), and widely distributed to project staff. 

The design is based on the proven strong points of existing reactors and especially 
those of the HFIR, which has recently undergone multiple, extensive safety reviews. 
The ANSR design is fully responsive to the findings of those reviews. 

A Probabilistic Risk Assessment (PRA) was initiated in the preconceptual design 
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phase and has already led to design changes that will enhance safety. The use of PRA 
to influence design at the preconceptual stage is unique and will continue throughout 
the design effort. 

The containment design has a low-leakage, steel inner dome, separated from the 
hardened concrete outer dome by a ventilated plenum that exhausts through high- 
efficiency particulate air (HEPA) and charcoal filters (Pig. 4). With design criteria 
(outleakage from the inner containment of not more than 4%/d and removal of at 
least 99% of iodine from the outleakage by the filters) that are well within the current 
state of the art, the region for mandatory evacuation in case of the maximum 
postulated accident is entirely within the DOE reservation (Pig. 5). 

Fig. 4 

INNER CONTAINMENT 
UNDER POSITIVE 

PRESSURE - 

FILTERED 

OUTER CONTAINMENT RELEASE 

IJNOER NEGATIVE PRESSURE 

s 

t 
K 

HEPA 6 

c,,: ‘_ ’ 

Double containment with ventilated outer containment. 

Fig. 5 Region for mandatory evac’uation in case of maximum postulated ANS 
accident is entirely on the DOE reservation at Oak Ridge. 
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Site layout 

The facility architecture effectively separates the experiment areas from reactor 
operations areas. This approach provides control of personnel and contamination and 
makes it possible to establish appropriate security and ventilation zones. Noise and 
vibration control in experiment areas is also enhanced by separating the reactor 
coolant pumps and main heat exchangers from the neutron-scattering instruments. 

A computer drawing of the facility layout is shown in Fig. 6. The main entrance 
lies between, and provides access to, the office building (which includes 
accommodation for the users) and the experimental guide hall. A security control 
center is located in the entrance area through which experimenters can be given access 
to the experimental floor in the reactor building and authorized personnel can be 
admitted to the reactor operations areas. 

Fig. 6 Perspective of ANS facility. 

Fuel enrichment 

Existing DOE orders address the physical protection of fissionable material and 
critical facilities. The sections of those orders relevant to the ANS Project do not 
distinguish between highly enriched and medium-enriched uranium fuel (HEU and 
MEU); that is, the precautions are no less stringent for MEU than for HEU. Low- 
enrichment fuel (LEU) could be stored, transported, and handled with fewer 
precautions. However, for the particular case of the ANSR located at Oak Ridge, the 
use of HFU poses very little extra cost for security and safeguards because the 
systems for transport and storage of weapons-grade material are already in place to 
support the Y-12 weapons component production plant in Oak Ridge. With these 
systems available, the extra cost of secure shipment of HJ3J for the ANSR would be 
only about $100,000 per year, and the additional cost for security forces to provide 
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Table 5. Approximate major performance parameters of the February 1988 
reference core compared with the user design criteria 

Parameter Minimum Reference 
criteria 

Peak thermal flux in reflectorb >5 
Thermal/fast ratio > 80 :: 

Thermal flux at cold source position >2 8 
Epithermal flux for transuranium production > 0.6 2 

EpitbermaWhermal ratio > 0.25 2 
Thermal flux for isotope production > 1.7 4 
Fast flux for small materials tests > 1.4 

Fast/thermal ratio > 0.5 6” 
Fast flux for larger tests > 0.5 1 

Fast/thermal ratio > 0.3 0.4 

a Unperturbed at nominal power level 
b AlI fluxes in units of 10lg neutrons/(m2s1), or 1015 neutrons/(cm2s1). 

Schedule and cost 

Figure 7 shows the schedule that forms the project’s current planning base. This 
schedule calls for congressional approval (and funding) to begin detailed design work 
in FY 1992, followed by approval and funding for construction to begin in FY 1993. 
The reactor would first go critical at the end of FY 1997. This is almost the fastest 
schedule that can now be imagined, and of course it depends upon timely availability 
of the funding for these activities, described in the previous section, that must precede 
conceptual and detailed design. 

The spending plan associated with this schedule is presented in Fig. 8: the costs of 
detailed design and construction are presently estimated at $412 million (1988 
dollars), but until a conceptual design is completed, no validated construction cost 
estimate can be made. 

Summary 

A reactor design based on previously developed technology can meet the minimum, 
and at least approach the maximum, performance criteria set by the user community 
for the ANS. The design approach, objectives, and organization of the ANS Project 
emphasize safety and minimize technical risk. Certain R&D issues that must be 
resolved to give full confidence that the design will meet performance criteria have 
been identified and are being addressed. Other R&D tasks that might further enhance 
performance or safety margins have been identified and are being addressed 
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Fig. 7 Schedule for ANS project. 
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ABSTRACT 

We present a progress report on measurements and fitting of 

pulse shapes for neutrons emerging from one solid and two liquid 

methane moderators in IPNS. A time-focused crystal spectrometer 

arrangement was used with a cooled Ge monochromator. Data 

analysis of one of the liquid methane moderators has shown the 

need for some generalization of the Ikeda-Carpenter function that 

worked well for fitting pulse shapes of polyethylene moderators. 

We describe attempts to model physical insight into the 

wavelength dependence of function parameters. 

1. Introduction 

At the time of this writing, the Intense Pulsed Neutron 

Source (IPNS) at Argonne National Laboratory is in its eighth 

year of successfully providing spectroscopists with slow ( < 10eV) 

neutrons. The IPNS uses solid and liquid methane moderators to 

slow down fast (MeV) neutrons from a depleted uranium primary 
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source. Fast neutrons are obtained by bombarding the depleted 

uranium target at 30 Hz with BO-ns bursts of 450 MeV protons. 

The fast neutrons are produced in pulses of the same frequency 

and approximate duration as the proton pulses. Thus, a 

convenient origin in time is established for neutron time-of- 

flight studies. 

The neutrons emerge from the moderators in pulses also, but 

on quite a different time scale. The thermalization process in 

the moderators causes a substantial energy-dependent broadening 

of the neutron pulse which can amount to tens of microseconds. 

The end result is a fundamental limit of resolution established 

by the neutronic properties of the moderators. A quantitative 

understanding of the neutron emission-time distributions, or pulse 

shapes, for a moderator is necessary for neutron time-of-flight 

data analysis. 

To this end, measurements were made of the neutron pulse 

shapes of the one solid and two liquid methane moderators in 

IPNS. This progress report briefly describes these measurements 

and the attempts made to fit mathematical functions to the data. 

2. Measurements of Pulse Shapes 

We measured the neutron pulse shapes of one solid and two 

heterogeneously poisoned liquid methane moderators. The solid 

methane “C” moderator measures 7.9 x 10.0 x 10.5 cm 
3 

in size, has 

3.95-cm-deep grooves on the viewed face and can be cooled with 

liquid helium to temperatures as low as 10 K. The continuously- 

recirculated liquid methane “H” moderator measures 5 x 10 x 10 

3 
cm , is cooled to about 100 K, and is heterogeneously poisoned 

with a 0.5-mm Gd plate 2.5 cm below the viewed surface. The 
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liquid methane " F " moderator has the same dimensions and 

temperature but is poisoned with two Gd plates 1.7 cm below its 

two viewed surfaces. The beamports at IPNS used to view the 

moderators for these measurements were C3, Hl, and Fl, 

respectively. 

The experimental procedure follows closely that outlined by 

Ikeda and Carpenter when they made similar measurements of 

polyethylene moderators at IPNS.“* The arrangement calls for a 

crystal monochromator and a detector with the correct 

geometrical orientation to achieve time focusing. That is, only 

reflections of neutrons having the wavelengths allowed by the 

Bragg diffraction equation will be seen by the detector. In 

addition, the experimental geometry assures that the neutrons of 

each particular order of reflection have flight path lengths and 

Bragg angles such that they reach the detector in exactly the 

same amount of time. This is true in spite of the fact that 

considerable changes of position of origin on the moderator, 

position and angle of the scatterer from the crystal, and 

positions of interactions in the detector are accepted in the 

measurements, which enhance the intensity. Fig. 1 shows a 

diagram of the experimental arrangement. 

The conditions for time focusing in this arrangement are as 

follows: 

P=Lf/Li 

tan Bm = %(l+P)cot 6B 

tan Og = k(l+l/P)cot 88 

cos gbtan gm+sin(33g+gD) 
cot ec = (1) 

*sin gBsin(3g+gD) 



666 Measurements of moderator pulse shapes 

Detector (6Li Glass) 

Moderator Ge Crystal (10 K) 

Fig. 1. Time-focused arrangement of moderator, monochromator, 

and detector used in these measurements. 

The monochromator was a l-mm thick, 25-mm diameter Ge crystal 

which had been cut parallel to (110) planes so that the (111 ) 

reflecting planes used were not parallel to the physical plane of 

the cut face. The Bragg angle was 9B=60°. Each of the beam 

ports used views its moderator at the angle G,=18’ (focusing 

cannot be accomplished when El,=o* except when GB=90” 

(backscattering).) The detector was a 2-mm thick, 15-mm diameter 

6 
Li glass scintillator and was placed to intercept neutrons 

scattered at 2Elg=120~. For each of the moderator measurements, 

the flight path lengths Lf and Li were chosen so that their ratio 

P was equal to 0.1. For example, for the F moderator the crystal 

was positioned at a distance Lic13.44 m from the moderator and 

the detector was positioned at a distance Lf=1.34 m from the 

crystal. This flight path ratio corresponds to a crystal angle, 

0,=95o ) and a detector angle, 09=73’. 

The Ge crystal was cooled to about 30 K to increase 

reflectivity and gain higher intensity for the high order 
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' reflections. The refrigeration and vacuum equipment used, 

however, did not maintain a constant temperature and there was 

warming during each of the data collection runs of at least 10 K. 

From the neutron time-of-flight spectra obtained for the F 

moderator, good data was available through the ninth order 

reflection (206 meV) and reflections were observed through the 

16th order reflection (650 meV). The statistics for these higher 

order reflections are poor. This will be addressed again in the 

analysis section. There are several factors contributing to to 

the low count rates for th'is measurement, including: the 

diminishing beam intensity for this long path length, and 

problems with cooling, vacuum, and geometrical alignment. Fig. 2 

is a portion of the raw time-of-flight spectrum displaying six 

reflections. The Ge(444) reflection (1.41 A) has the best 

statistics with nearly 1500 counts in the peak channel. Fig. 3 

is an expanded view of the Ge(333) reflection (1.88 A). 

These high resolution measurements immediately reveal the 

very sharp rise in the leading edge. In the case of fig. 3, the 

lo-90% rise time is about 8 microseconds, a relative wavelength 

resolution of about 0.1% at this flight path length. 

Spectra from the H moderator show pulses that look very 

similar (as expected, although not identical because of the 

different poisoning) to those of the F moderator. The exception 

is that because of better alignment, the peak integrals in the 

spectra from the H moderator are several times greater than those 

of the F moderator, so that the measurements from the H moderator 

are statistically more reliable. 

Spectra from the solid methane SC moderator show good peak 

statistics and clearly illustrate the presence of the physical 
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Fig. 2. Ge reflections observed in the F moderator measurement 
with Li=13.4 m, Lf=1.34 m. 

grooves in the moderator. Pulse shapes from this moderator are 

actually composed of two individual pulse shapes. The leading 

edge, or shoulder, represents the pulse of neutrons emerging from 

the top of the moderator "fins" and the second peak represents 

the pulse of neutrons of the same energy emerging from the bottom 

of the grooves. The second pulse is delayed by an amount of time 

equivalent to that required by the neutrons to travel the length 

of the grooves. Fig. 4 is a view of the Ge(444) reflection 

(1.41 R) and clearly shows that the intensity of neutrons from a 

grooved moderator is greatest from the base of the grooves. 

3. Analysis and Discussion 

To date, attempts to fit mathematical functions to the data 
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Fig. 3. Ce(3,3,3) reflection observed in F 
measurement, 1.88 A. 

moderator 

have been limited to the F moderator which, although having the 

least favorabl‘e counting statistics, were obtained first. 

Analysis of F moderator data was continued well after data had 

been collected from the similar H moderator. This may prove to 

have been unwise because several evolutionary steps have been 

made in the functions to provide better fits. These changes were 

based on results of analysis of the F moderator data without 

comparing function performance on the H moderator. 

Ikeda and Carpenter’ developed a function which fit the 

pulse shapes of polyethylene moderators extremely 

function has four wavelength-dependent parameters and 

model some of the physical processes that occur 

thermalization. The function has the form 

well. The 

attempts to 

in neutron 
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IPNS 20 K SOLID METHANE GROOVED MODERATOR 
WAVELENGTH = 5.65 ANGSTROMS 

124.00 126.00 128.00 130.00 1. 

TIME, MICROSECONDS 

Fig. 4. Ge(4,4,4) reflection observed in C moderator 

measurement, 1.41 A. 

Y(a,R,R,t)=a/2((1-R)(at)2e-at + 2Ra2R/(a-R)3 

x [e 
-Rt_e-at 

(l+(a-13)t+%(a-R)2t2)]) (2) 

where, a=vCs : the neutron velocity times the 

macroscopic scattering cross section. 

R= fraction of the area of the peak in the 

2nd term, the storage or thermalization term. 

f3= a time constant characterizing the decay 

of the storage term. 

The function makes sense physically from the basics of neutron 

slowing-down theory. Neutrons emerging from a pulsed moderator 
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Fig. 5. Ge(3,3,3) reflection for F moderator. 
is calculated by eq. (2) with 

The dotted ljpe 
parameters C=2.68 cm , 

G=O.O4/usec, and R=0.66. 

consist of two terms: a slowing-down component, representing 

neutrons that have emerged in the process of slowing down before 

thermalization, and a storage component, representing neutrons 

that have reached thermal equilibrium with the moderator and leak 

from it with a characteristic wavelength-independent decay 

constaht 6. The first term in eq. (2) represents the component 

of the pulse of a particular energy that is in the l/E slowing- 

down spectrum (slowing-down term) and the second term (storage 

term) represents the component of the pulse that is in the 

Maxwellian part of the spectrum. The function is the sum of a 

delta function and the decaying exponential storage term 

convoluted with the slowing-down function. 
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Pulse shapes of the F moderator were fitted using this 

function and maintaining the three parameters described above, a 

scale factor, and a delay time to, as free parameters of 

wavelength. The results of the fitting, while encouraging, were 

not spectacular. Fig. 5 shows the results of fitting the Ikeda- 

Carpenter (IC) function to the data for the Ge(333) (1.88 A) F 

moderator reflection. The figure indicates that the slowing-down 

term is important in fitting the rising edge of the peak and the 

storage term is dominant in the decaying tail of the pulse shape 

for neutrons of this wavelength. Characteristic of these fits 

was a systematic underestimation of the height and integral of 

each peak. This experience suggested that some modification was 

needed in the IC function. 

The slowing-down term in the IC function is the simple 

description of neutrons slowing down in an infinite medium of 

free protons (the "proton gas" model). We suggest that a 

generalization in the exponent in the slowing-down term from 2 be 

made to account for some of the molecular characteristics of 

thermalization. Such a generalization is plausible on the 

grounds of using the Sachs-Teller effective mass' to approximate 

the scatterers in a liquid, where molecular effects can be 

important, with gas atoms of mass greater than the physical mass. 

The function maintains the form of its predecessor but is 

more general in that it contains the incomplete gamma function. 

The generalized IC function has the form 

V(a,G,u,R,t)= (l-R)m(a,v,t) + RF(a,R,u,t) (3) 

where: F(a,G,v,t)=[Ga"+'/r(v+l)](a-G) -(Y+l)e-Rt 

x r((u+l),(a-G)t) (4) 



Again, pulse shapes of the F moderator were fitted. The 

generalized IC function was used while maintaining the parameters 
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(5) 
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is the slowing-down term and, 

b(a,V,t)= [a/r(Y+l)](at)ve-at 

is the storage term. 

a, 13, u, R, a scale factor, and tG as free parameters of 

wavelength. The results showed improvement over previous fitting 

in that discrepancies between best fits of the function to the 

data and the peak integral were eliminated. An example of a fit 

using the generalized IC function for the Ge(333) F moderator 

reflection with no restraint on the fitting parameters is shown 

in fig. 6. Allowing freedom of the parameters during 

9 
8 
g 

LEGEND 
data 

_. . ..iOk!! 
.__s!swnsYd_QYn___ 
stmE._._. 

6985.0 7005.0 7025.0 7045.0 7065.0 

Time, microseconds 

the 

5.0 

Fig. 6. Ge(3,3,3) reflection for F moderator. The dotted ljpe 

is calculated by eq. (3) with parameters u=7.4, C=2.88 cm , 
R=O.O4l/usec, and R=C.81. The estimated chi-square value for 
this fit is 1.288. 
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fitting, however, produced some unexpected variations as a 

function of wavelength (energy). Most disturbing was the large 

fluctuation in the parameter 13. This parameter represents the 

decay constant of the storage term which, to first approximation 

from slowing-down theory, should be representative of the 

fundamental eigenvalue of the Maxwellian and should be 

independent of energy. 
4 

So as not to completely disregard the theory, the parameter 

R was “fixed” for all energies and fits were made again with the 

remaining four parameters maintained as free parameters for each 

wavelength. The results of this trial showed an interdependence 

of the parameters a, Y, and to. Fits of pulse shapes of a 

particular wavelength of almost equal quality (based on an 

estimation of the chi-square values for the fits; the least- 

squares iteration was not carried all the way to the minimum of 

x2) could be obtained with different triplet sets of a, Y, and 

to * A three-dimensional linear regression analysis for these 

parameters was performed for one of the peaks, which demonstrated 

their linear interdependence within a rather wide range of values 

of a, Y, and to . Rather than perform this task for each of the 

peaks, we chose to include a wavelength-dependent functional form 

for each of the parameters in the fitting routine and fit all the 

pulse shapes from the moderator data simultaneously. 

The functional forms for the four wavelength-dependent 

parameters (I3 was a fitted parameter, but constant at all 

wavelengths) were chosen with the desire to implement a little 

knowledge of physics and provide for some physically believable 

parameters. The wavelength dependent functions were now of the 

form 
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to= A + BR, (6) 

a= vCs, (7) 

where v= neutron velocity, and 

Cs= macroscopic scattering cross section 

Is= (s,2+s2 1 1 1 2 2% 

R= exp(-E/EO), and 

v= 2. + c'exp(-E/E') 

(6) 

(9) 

This representation of the generalized IC function now called for 

fitting seven new wavelength-independent parameters to determine 

the four wavelength-dependent parameters for each peak and an 

eighth parameter for the wavelength-independent parameter 13 as 

before. Each peak was allowed its own amplitude factor. The 

time delay to shown in eq. (6) represents the flight time from 

moderator to detector plus a fixed shift of the time origin and 

is necessarily linear in form. The functional forms chosen for 

Es and R have proven successful earlier. 
1 

The form for the 

exponent parameter v was chosen with the feeling that it should 

approach a lower limit of 2 for shorter wavelengths and should be 

in some fashion greater than two for longer wavelengths to 

account for the increasing Sachs-Teller effective mass. 

Fits to the F moderator data using these functions presented 

another problem. The function was not adequately describing the 

decaying tail of the higher-order reflections; it was dying away 

too rapidly, underestimating the tails of the short wavelength 

pulse shapes. One explanation was the possibility of the 

existence of another decay constant corresponding to a higher- 

order energy or spatial eigenvalue of the moderator. (When 13 was a 

free parameter, best fits were obtained with different decay 
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constants for the higher-order reflections.) Another possibility 

was the need for a better representation of the parameter R than 

the simple Boltzmann function of eq. (8). The latter alternative 

was pursued by including the energy spectrum relationship of the 

slowing-down and storage terms of the generalized IC function. 

That is, representing the energy spectrum as a Maxwellian 

component smoothly joining with the l/E slowing down component in 

the epithermal region. Here, use was made of a generalization of 

Westcott1s5 joining function 

A(E)= [l+(Eco/E)s]-‘. (TO) 

where: E co= a cutoff energy corresponding to 

about 5kBT and, 

s= a parameter suggested by Westcott 

to be about seven. 

The generalized IC function could then be written as 

y(a,fl,u,A,ET, E,A,t)= (A/E)&(a,V,t)+A e 2 -E’E EF(a,B,v,t) (11) 

2 
where F and 5 have their previous meanings and A is 

another amplitude factor. 

The function did not perform as we1 1 as had been hoped on the F 

moderator data. In some respects it performed even worse, 

underestimating the peak integrals for the intermediate 

wavelength pulse shapes. 

Shortly before the time of this writing a second decay 

constant (also independent of energy) was added. This created an 

entirely new storage term corresponding to an additional 
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moderator eigenvalue. The function describing the wavelength 

dependence of R was dropped and in its place, free independent 

coefficients for aach of the three terms were incorporated. The 

new function has the form 

This pulse shape function provides the best fits to the F 

moderator data using simultaneous, multi-peak fitting of all 

attempts to date. A plot of the Ge(333) pulse shape fit with 

this function is shown in fig. ‘7; this does not produce as good 

a fit as when peaks were fit individually as was shown in fig 6. 

A. Concluding Remarks 

Pulse shapes have been measured of the one solid and two 

liquid methane moderators at IPNS. Attempts to analyze data from 

the liquid methane F moderator have suggested the need for 

generalization of the Ikeda-Carpenter function and the inclusion 

of physical models of parameter wavelength dependence in the 

fitting process. Results may also indicate the need to include 

an additional decay constant for an additional moderator 

eigenvalue other than that of the fundamental mode. 

The counting statistics for the F 

same quality or as those obtained the H 

work will involve using the experience 

analysis of the F data to complete the 

moderators. 

moderator are not of the 

and C moderators. Future 

and lessons learned from 

analysis of the remaining 
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6985.0 7005.0 7025.0 7045.0 

Time, microseconds 
7065.0 7( 15.0 

Fig. 7. Ge(3,3,3) reflection for F moderator. 
is calculated by eq. 

The dotted lipe 
(12) with parameters v=2.88, C=1.53 cm 

BT=O.O42/psec, R2=0.036/usec, A1=0.282, A2=0.619, A3=0.099. Th; 
estimated chi-square value for this fit is 1.802. Parameters for 
this fit were calculated by simultaneously fitting reflections in 
the F moderator data (see text). The storage term shown is the 
sum of two individual storage terms with two decay constants. 
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Information content of lineshapes 
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ABSTRACT: We examine the question of figures-of-merit for optimiz- 
ing the lineshapes of neutron scattering sources, instruments and experi- 
ments. Using maximum entropy deconvolution of simulated data, we 
test the effects of various features of lineshapes including intensity, reso- 
lution (FWHM), shape, and background. We demonstrate that conven- 
tional figures-of-merit are of limited validity, and we suggest that 
bandwidth is an important criterion for optimization. 

Introduction 

An outstanding problem in the development of neutron scattering sources, 
instruments and experiments is how to establish figures-of-merit (FOM) for 
optimizing designs. This is central to the wise allocation of the billions of 
dollars which have been, or are proposed to be, invested in neutron scatter- 
ing facilities for condensed matter research [l]. Applications [2] would in- 
clude comparing the relative performances of pulsed spallation and reactor 
neutron sources, choosing the poisoning of moderators at pulsed sources, 
making decisions to trade intensity for resolution or noise for signal in the 
conduct of an experiment, etc. Prior approaches to optimization have been 
primarily intuitive “seat-of-the-pants” judgments based on empirical experi- 
ence in neutron scattering research. Although the goal should be to maxi- 
mize the information gained in neutron scattering experiments, until now 
there has been little effort to address the problem from an information theory 
viewpoint. Optimization should consider the statistical problem of data analy- 
sis. In the present paper, we begin to remedy this oversight by providing 
some simulations of the ability to recover information from differing instru- 
ment response functions (or lineshapes). We wish to motivate the application 
of information theory to neutron scattering science and facility design. 

Let us consider a one-dimensional neutron scattering experiment in which 
the data, D(x), are a convolution of an instrument response function (or 
resolution function), R(x), with the neutron scattering law, S(x). Then 

m 

D(x) = I R(x -x’) S(d) dx’ + B(x) + Z(x) , (1) 
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where B(x) is the background, and C(x) is the noise. The goal of any neu- 
tron scattering experiment is to infer the neutron scattering law, S(X), from 
the data, D(X). 

In a representative neutron scattering experiment, the neutron scattering law, 
S(x), we wish to measure may be as shown in Fig. 1 (a). As a first approxi- 
mation R(x) is usually assumed to be Gaussian, as the Central Limit Theorem 
suggests. Traditionally, an experimenter would select the Full Width Half 
Maximum (FWHM) of R(x) to be of the same magnitude as the width of the 
structure expected in S(X). The corresponding typical data set, D(X), is 
shown in Fig. 1 (b), where there is broadening due to the instrument (of 
FWHM = 2.5 pixels as shown by the bar), noise governed by Poisson statis- 
tics, and background (chosen to be flat and equal to 5% of the peak signal). 
That is, experiments are typically optimized so that the raw data, D(X), re- 
sembles a slightly broadened and noisy version of the S(x) neutron scatterers 
expect to measure. This “what-you-see-is-what-you-get” philosophy of op- 
timization is based on the widely-held perception that, if the FWHM of R(x) 
is very broad, much sharper structure in S(x) is not recoverable. 

The Object Data 

FIG. 1 (a) - A representative neu- 
tron scattering law, S(x), as a 
function of pixel (or channel) num- 
ber, x. 

FIG. 1 (b) - Typical neutron scatter- 
ing data, D(X), corresponding to 
the neutron scattering law in Fig. 
1 (a). The data are broadened by a 
Gaussian with FWHM of 2.5 pixels 
as shown, and with noise and 5% 
background added. 

While neutron scattering is in general a Poisson process, in the limit of large 
numbers we can make an independent Gaussian approximation for C(x) in 
which 

<C(x)> = 0 , (2) 
and 

<Z(x) X(X’) > = 6(x-x’) R(x-x’) S(d) dx’+B(x) . 1 (3) 
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Here < > denotes an average over all such experiments. A common data 
analysis procedure would be to estimate the parameters of a model for S(x) 
by minimizing 

2 

D(Xi) - C AX R(Xi -Xi> S(Xj) - B(Xi) 

j 

D(Xi) 

> , 
(4) 

where we have broken the integral up into pixels of width AX, and N is the 

number of pixels in the range of the experiment. The errors on the parame- 

ters would be determined from the variation of X2. 

Another popular perception is that the FOM for the design of spectrometers 
should be 

F.O.M. = 
Total Intensity 

FWHi@ * 
(9 

Instruments with the same FOM are supposed to have comparable perform- 
ance for neutron scattering experiments. This FOM is rigorously correct for 
the problem of determining the position of a S-function broadened by a 

Gaussian R(x) by minimizing 2. It has been proposed as a more general 
FOM for the problem of optimizing spectrometers for pulsed neutron sources 

[31. 

We contend that both these popular perceptions are demonstrably false. A 
counterexample is provided by the Be Filter Difference Spectrometer at 
LANSCE, where features in S(x) orders of magnitude sharper than the 
FWHM have been recovered, using both direct inversion [4] and maximum 
entropy deconvolution [S], by taking advantage of the sharp leading edge of 
R(x). The present paper generalizes this example to the overall problem of 
the optimization of neutron scattering experiments. 

Approach 

We formulate the problem of inferring S(x) from D(x) in terms of Bayes’ 
theorem [6], upon which all data analysis procedures are at least implicitly 
based. This states that the conditional probability of S(x) given D(x) is 

P[S(x)lD(x)l a ~[D(x)lS(x)l X f’[S(x)l + (6) 

Here, P[D(x)lS(x)] is the probability of the measured data for a given scat- 
tering law, which is referred to as the Likelihood function. In our limit of 
independent Gaussian statistics, this reduces to the familiar form 
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WWWI * ew ( -7 xz, . (7) 

P[S(x)] represents our state of knowledge about S(x) (or the lack of it) be- 
fore we have any data, and it is referred to as the Prior. Eq. (6) states that 
the product of the Likelihood and the Prior is proportional to the Posterior, 
or our state of knowledge after we have measured the data. The best esti- 
mate of S(x) from the data is given by the maximum of the Posterior, and the 
errors in this estimate are given by its width. The data analysis procedure of 

parameter estimation by minimizing x’ (i.e. maximum LikeZihood)is equiva- 
lent to maximizing the Posterior if the Prior is taken to be a uniform function 
of the parameters of the model. A less familiar procedure to neutron scat- 
terers is deconvolution, in which an alternative form for the Prior is chosen. 
For example, in the maximum entropy method [7] the Prior is taken to be 
the exponential of the entropy of S(x) relative to a starting default model. 

The present paper describes simulations of the effect of differing instrument 
responses (R(x), B, Z(X)), on the ability to infer the scattering law, S(x), 
from the data, D(x). Altering the instrument response only alters the Likeli- 
hood function and not the Prior, so that our general conclusions will be inde- 
pendent of whether we attempt parameter estimation or deconvolution to 
infer S(x). Similarly, since different deconvolution procedures only alter the 
Prior, our conclusions are also qualitatively independent of the choice of 
deconvolution method. 

To be specific, we take the test S(x) (termed the object) shown in Fig. 1 (a), 
and we create simulated data resulting from various instrument responses. 
Although such simulations could be attempted for any physical experiment, 
in this paper the choice of instrument responses will be limited to what we 
consider to be typical of neutron scattering spectrometers and sources. Un- 
less otherwise stated, we set the background level at 5% of the peak signal. 
We perform a maximum entropy (MaxEnt) deconvolution of the data to re- 
cover an inferred S(x) (termed the image). Maximum entropy has been 
shown to be the preferred method for the deconvolution of positive additive 
distribution functions [7]. The MaxJZnt deconvolution procedure will use a 

flat default model with a stopping criteria of x”=l. We shall compare the 
image to the object, and we will exercise our subjective judgement about 
which images are more faithful to the object. 

Our purpose is to be provocative rather than definitive. Therefore, we at- 
tempt to keep the argument simple by presuming that the instrument re- 
sponse parameters, R(x) and B(x), are accurately known, although this is 
often not true in practice. Data analysis procedures exist for the cases where 
these are imperfectly known including: calibration experiments on a known 
sample, S(x), which can be used to infer R(x); blind deconvolution which can 
be used to infer both R(x) and S(x); and, two-channel deconvolution which 
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can be used to infer B(x). In principle a straightforward extension of our 
approach can include such complications, but we do not attempt that here. 

Simulations 

First, it is important to establish some experience with deconvolution. We 
begin with the ubiquitous Gaussian instrument response function, R(x). Fig- 
ure 2(a) shows typical simulated data when the object of Fig. 1 (a) is convo- 
luted with a broad Gaussian R(x) of FWHM of 25 pixels, which is ten times 
the broadening of Fig. l(b) and much broader than the structure in S(x). 
Figure 2(b) shows the MaxEnt images corresponding to the data in Fig. 2(a) 
(dashed line), with 100 times the counts (solid line), and 10,000 times the 
counts (dotted line). Figure 2 demonstrates that deconvolution can resolve 
peaks which are not evident in the raw data, and that increasing statistical 
accuracy can improve the resolution of the image. 

X X 

FIG. 2(a) - Gaussian broadened FIG. 2(b) - Images of S(x) calcu- 
data with FWHM = 25 pixels, for the lated by maximum entropy 
S(x) of Fig. 1 (a). (MaxEnt) deconvolution of the data 

in Fig. 2(a) (dashed line), with 100 
times the counts (solid line), and 
with 10,000 times the counts (dot- 
ted line). 

Figure 3 shows images for the narrow Gaussian (FWHM of 2.5 pixels) broad- 
ening obtained by deconvoluting the data in Fig. 1 (b) (solid line), and for the 
same experiment with 100 times the counts (dotted line). The sharp peaks 
on the left of the object are more highly resolved in the image with better 
statistical accuracy. The intrinsically broad peak on the right is unchanged. 
Figure 3 demonstrates that, even with a sharp R(x), deconvolution can be 
useful because it can determine whether a peak is narrower than the instru- 
ment broadening. 
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FIG. 3 - MaxEnt images of S(x) for 0 
the narrow Gaussian broadened T g 
data in Fig. 1 (a) (solid line), and “8 
with 100 times the counts (dashed * 
line), 

J-_--h- 
50 100 

Moreover, Fig. 3 should be compared with Fig 2(b), which are the images 
created using data from the broad Gaussian R(x). According to the popular 
FOM, Eq. (S), the solid line in Fig. 2(b)) should be comparable to Fig. 3, 
and the dotted line should be much sharper. In fact, even with 10,000 times 

the peak intensity, a ten times broader Gaussian R(x) produces poorer im- 
ages than the narrow Gaussian. This provides our first counterexample to 

this FOM. 

Next we consider an R(x) constructed by convoluting the narrow Gaussian 
(of FWHM = 2.5 pixels) with a wide exponential of l/r = l/15 pixels with 
identical peak intensity to Fig. l(b). This lineshape is common to the un- 
poisoned moderators of pulsed neutron sources. This R(x) is shown (solid 
line) in Fig. 4(a). Our initial expectation may be that the quality of the image 
would be severely degraded. The simulated data shown in Fig. 4(b) (pluses) 
do not resemble the object. Nevertheless, the quality of the image shown in 
Fig. 4(c) obtained by deconvolution (solid line) is almost equal to that ob- 

tained with the narrow Gaussian, shown as the solid line in Fig. 3 (note the 
change in vertical scale). We conclude that the correct FOM may not be 

very sensitive to the FWHM of R(x), which also contradicts Eq. (5). 

Figure 4 also shows a simulation analogous to the poisoning of moderators for 
pulsed neutron sources. Figure 4(a) shows a poisoned R(x) (dashed line) 
constructed by convoluting a narrower exponential of l/r= l/2 pixels with the 
same narrow Gaussian. Both the poisoned and unpoisoned R(x) have the 
same peak intensities, although in practice there would be some decrease in 
peak intensity with poisoning. In the conventional neutron scatterer’s view, 
poisoning moderators has the desirable effect of making the data much more 
closely resemble the object, as shown in Fig. 4(b) (dots), and therefore im- 
proving the apparent resolution. Fig. 4(c) shows the corresponding image 
(dashed line). Both the poisoned and unpoisoned moderators in fact have 
almost identical resolving power. Poisoning moderators is questionable from 
an information content viewpoint ! Moreover, if the object being measured is 
broader than the FWHM of R(x), neutrons are lost by poisoning. 



Information content of lineshapes 679 

Resolution Function 

I ’ ’ ’ * I ’ 

gs_ 

0’ 1 ” ’ ,’ 
-50 0 50 

X 

FIG. 4 - (a) Instrument response 
functions, R(x), for a narrow 
Gaussian convoluted with a broad 
exponential (solid) and a narrow ex- 
ponential (dashed) ; (b) corre- 
sponding data, D(x), for broad 
(pluses) and narrow (dots) R(x); 
(c) corresponding MaxEnt images 
of the neutron scattering law, S(x), 
for broad (solid) and narrow 
(dashed) R(x). 
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FIG. 5(a) - Two instrument re- 
sponse functions, R(x), with the 
same figure-of-merit according to 
Eq. (5). The solid line is a Gauss- 
ian, and the dashed line is a half- 
Gaussian with the same FWHM. 
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FIG. 5(b) - MaxEnt images of S(x) 
for the two R(x) in Fig. 5(a). Solid 
line corresponds to the Gaussian 
R(x), and the dashed line to the 
half-Gaussian R(x). 
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The insensitivity of the FOM to the FWHM is further illustrated in Fig. 5. 
Figure 5(a) shows two different R(x) with identical FWHM and total inten- 
sity, and therefore identical FOM according to Eq. (5). One is a Gaussian 
(solid line) and the other is a half Gaussian (dashed line). Figure 5 (b) shows 
the corresponding MaxEnt images. It is clear that the half Gaussian R(x) has 
much better resolving power. 

,u 
0 50 100 

FIG. 6(a) - Study of the effect of 
background level, using the R(x) in 
Fig. 4(a). The bottom data (stars) 
is with the usual 5% background. 
The top data (dots) has much 
higher background with the same 
signal. 

0 50 100 

FIG. 6(b) - MaxEnt images of S(x) 
for the two D(x) in Fig. 6(a). Solid 
line corresponds to the low back- 
ground data, and the dashed line to 
the high background data. 

Finally, Fig. 6 illustrates that background is also important to the correct 
FOM for experiment optimization. We consider the same R(x) as the solid 

line in Fig. 4(a), but with two different’levels of background. The data are 
shown in Fig. 6(a) and the corresponding MaxEnt images are shown in Fig. 
6(b). Higher background degrades the ability to recover information from 
the experiment, as expected. 

Analysis 

It should be clear from these simulations that the figure-of-merit is a much 
more complex object than suggested in Eq. (5). In particular, the sharpness 
of the structure in R(x) appears to be far more important than the FWHM. 

An argument to support this observation may be most easily developed by 
considering the direct inversion of the data by Fourier transform. We define 
the transform by 

m 

F(k) = 
I 

eikx R(x) dx . (8) 
-m 
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Then the image, $1(x), formed by direct inversion is given by 

szw = J _; g &kx [m-p] , (9) 

Such an inversion would satisfy 2’ = 0 , If we average over all such experi- 

ments in the same sense as Eq. (2) and (3), we find that the expectation 
value of the image is given by 

< Sz(x) > = S(x) (10) 

as desired. However, this inversion is poorly conditioned because of the 

noise term, r(x), in Eq. (1). Using Eq. (3), the variance of the image is 
given by 

* 
dk dp e-i(k+k’)x 

< dSz(x) GSz(x) > = - -_ I 1 2n 2n R(k)R((k’) 
&(k+k’) , (11) 

where 

DO(k) = R(k) T(k) t Z?(k) . (12) 

Since F(k) goes toward zero for k’s larger than some critical value, call it kc , 

direct inversion amplifies the noise and the variance is divergent. The image 
for any particular experiment would appear to be noisy. 

The solution of this problem is to condition the inversion by asking instead 
for a broadened image. This can be crudely done by cutting off the limits on 

the integrals in Eq. (9) and Eq. (11) at some critical value, say kc . The 

image for any particular experiment would have the noise suppressed at the 
expense of a broadened image; that is, the variance would be well behaved, 

such that 2 = lfor the image. It determines the 

2Z 

Ax k 
Z- , (13) 

C 

produce high Fourier components Sharp features in R(x) of F(k) which 

makes kc large. A broad R(x) lacks high Fourier components and so kc 

must be small. Figure 7 shows the F(k) of the resolution functions shown in 

Fig. 5(a). The full Gaussian does not have high Fourier components at large 
k while the half Gaussian has large Fourier components at high k. The corre- 
sponding MaxEnt images are shown in Fig. 5(b). The resolution of an ex- 
periment primarily depends on the Fourier spectrum of the instrument re- 
sponse function. 

The kc may be chosen 

achievable resolution by 



682 Information content of lineshapes 

FIG. 7 - Fourier transforms of the iourier Transform of Resolution Function 

-c ’ I I 
instrument response functions, 
R(x), for the Gaussian (solid line) 
and the half-Gaussian (dashed 
line) shown in Fig. 5(a). 

-50 0 50 

Conclusions K 

We have provided counterexamples to several of the popular perceptions in 
the neutron scattering community regarding the relation between the instru- 
ment response function and the resolution of an experiment. We have shown 
that the figure-of-merit of an instrument respons8 function strongly depends 
on its Fourier spectrum, in addition to other more traditional variables such 
as intensity, background, etc. Our Bayes’ theorem argument suggests that 
this qualitative conclusion will remain valid regardless of whether deconvolu- 
tion or parameter estimation is used to infer the neutron scattering law from 
the data. It will also remain true regardless of the specific choice of decon- 
volution procedure or fitting model. 

We have not proposed a specific new figure-of-merit to replace Eq. (5). 
However, we suggest that the ultimate answer may have much in common 

with the theory of communication. The characteristic Fourier variable, k, , 

which governs the resolution of an experiment, is analogous to the bandwidth 
of a signal processing circuit. In this sense, the design of neutron scattering 
experiments is related to the theory of communication [8], in which the ca- 
pacity of a channel to transmit information is proportional to the bandwidth. 
Neutron scatterers should adapt the extensive knowledge and experience in 
information theory to the design of neutron scattering experiments and 
sources. A statistical theory for spectrometer optimization will be published 
elsewhere [ 91. 
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Introduction 

There have been a number of previous demonstrations of the 
use of the Maximum Entropy principle (MaxEnt) in the 
deconvolution of experimental spectra [l-3]. However, as 
far as we know, there have been no previous discussions of 
the problems that arise in applying MaxEnt methods in 
practice. When deconvoluting a known, model spectrum it 
is straightforward to show, by means of an R-factor, that 
You have reached good agreement with the intrinsic 
spectrum. When deconvoluting real data the 
experimentalist derives a result, but then does not know 
how much credence to place on the result. The question 
‘what are the error bars’ is not appropriate since the 
errors on a deconvoluted spectrum are not uncorrelated, 
but the spirit of the question is valid. This paper 
addresses itself to that problem. 

Our approach is purely pragmatic. In the first section we 
show the results of deconvoluting a Gaussian line shape 
from three different intrinsic line shapes. This 
demonstrates not only the quality of the deconvoluted 
spectrum that may be obtained, but also how the final 
R-factor varies as a function of the Gaussian width. 

In the second section the procedure is repeated for 
doublet intrinsic peaks, and the criteria for separation 
established. 

In the third section we demonstrate that line shapes other 
than Gaussian may be removed from broadened spectra and 
examine the effects of uncertainties in our knowledge of 
the broadening function. 
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Finally we demonstrate the use of MaxEnt on a real problem 
where the technique has been used to substantially improve 
the resolution of an inelastic spectrometer. 

THE DECONVOLUTION OF GAUSSIAN LINE SBAPES 

In all the computer experiments described below the 
following procedure and definitions were used. 

An intrinsic spectrum is defined, corresponding to the 
result that would be measured by an instrument with 
perfect resolution and no statistical error. This 
intrinsic spectrum is broadened by the resolution function 
and noise (with Poisson statistics) is added to produce 
the observed spectrum. The METRIC [4] MaxEnt method is 
then used to deconvolute the observed spectrum using the 
broadening function to yield the deconvoluted spectrum. 
Clearly the broadening function should be identical to the 
resolution function, if the deconvoluted spectrum is to 
agree with the intrinsic spectrum. 

The first computer deconvolutions were conducted to enable 
users of the method on real data to estimate the likely 
difference between the deconvoluted spectrum and the 
(unknown) intrinsic spectrum. In these experiments three 
different intrinsic spectra were used : 

GAUSSIAN Y = (l/d2Jl) e-x2/2o2 

CAUCHY Y = (1 t X2/h2)/Jlh 

GAPW4 Y = u3x2cu/2 t b 

+ b 

t b 

Each were calculated over a time base from 0 to 1600 ps 
using channels of width 8 us. 

The tests were carried out with varying values for the 
background level (b) and different values for (I , the 
standard deviation of the Gaussian resolution fu6ction 
which was used to broaden the intrinsic spectra. 

Figures 1 , 2 and 3 (A-C) show sample results for each of 
the three types of intrinsic spectra with the following 
parameters 
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Figure 1 
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Figure 2 
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Figure 3 
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Intrinsic 
FWHM (us) 
intrinsic 

% 
(us) 

Background 

Figure 1 Gaussian 100 65 0.4 

2 Cauchy 100 60 0.2 

3 Gamma 140 70 0.4 

The background is expressed as an area fraction of the 
total area. 

In these figures A is the observed spectrum, B is the 
deconvoluted spectrum and C the intrinsic spectrum. 

Defining the R-factor as : 

R2 I T: (di - ii) 2 
Z ii2 

where di is the deconvoluted spectrum 

li is the intrinsic spectrum 

We may plot R as a function of or/FWHMHObS, assuming 

or'FWHMHobs 
to be a measure of the 'difficulty' of the 

deconvolution. This is done in Figures 4, 5 and 6. It 

will be seen from these plots that : 

(4 

(b) 

(cl 

The results are largely independent of the background 
level. 

There is a general similarity between the R-factors 
when deconvoluting all peak shapes - especially those 
of Cauchy and Gamma distributions. 

If the deconvolution problem lies in the range 0 < 

or'FWHMHobs < 0.2 the final R -factor will be < 5%. 
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, 

Figure 4 

Figure 5 

Figure 6 
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These results are useful in giving us confidence when 
deconvoluting peaks in this region. It also demonstrates 
that the method becomes unstable for u /FWHMH ratios 
greater than 0.30 when the resoluEion fu &ion "$ is 
Gaussian. 

2. DOUBLET INTRINSICPEAKSJIAPES 

The second series of tests used two peaks with a 
background count at a constant 20% of the total count, 
with ts 
the peal& 

in the range lo-80 us, and the separation between 
in the range 80-300 us. 

Figures 7, 8 and 9 (A-C) show sample results for the 
following parameters : 

Fiaure i 
FWHMH I 

(us)l 
% 
(us) 

Separation 
(us) 

7 Gaussian 100 60 132 

8 Cauchy 100 60 165 

9 Gamma 140 60 148 

The R-factor results for the double peak deconvolutions 
are shown in Figures 10, 11 and 12. This shows the 
R-factor versus the peak separation for various values of 
0. 
Fggure 

The results to the left of the vertical line on each 
are those for which the two peaks are not resolved. 

Again it becomes clear that there is a broad agreement of 
the region where separation will occur and the R-factors 
exhibit-predictable,- systematic variations 
useful in indicating the likely results 
when deconvoluting true experimental data. 

3. NONGAUSSIANRJEOLU!PIoWEWNC!CIoNS 

which should be 
to be obtained 

In all the preceding experiments the resolution function 
has been Gaussian. 

Figures 13-17 (A-D) show sample plots of results obtained 
using single and double peak intrinsic Gaussian 
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Figure 7 



694 Maximum entropy in spectral deconvolution 

Figure 8 
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distributions, and Gamma or Cauchy resolution functions. 
In Figures 13-17, A is the observed data, B is the 
resulting deconvolution, C is the resolution function and 
D is the intrinsic spectrum. 

Fig. No. of s$p. Broadeninq 
Peaks &!L 

FwHMi FWHMr Function 

13 1 

14 1 

15 1 

16 2 

17 2 

6.0 

10.0 

3.0 17.0 Gamma 

6.0 11.0 Gamma 

5.0 14.0 Cauchy 

3.0 11.0 Gamma 

8.0 11.0 Gamma 

In all five cases, the total count was 60,000 (for the 
intrinsic spectra) . For the single peak plots, a 
background count of 33% of the total count was included. 
The double peak plots had no background. 

The results from the double peak deconvolution (Figures 
16, 17) are quite remarkable, showing the separation of 
identifiable peaks even when the width of the resolution 
function is comparable with the peak separation. This 
success may be due to the absence of background. 

4. EFFEX!l!S OF UNCERTAINTY IN THE lwMLEDGEoFar 

When experimental spectra have to be deconvoluted (as 
opposed to computer simulated spectra) there may be some 
uncertainty in the knowledge of 0 , since this cannot in 
many cases be directly measured. We therefore 
investigated the effect of this uncertainty by 
deconvolut ing the observed spectra with a range of 
different broadening functions. 

The results of these trials are given in Tables 1, 2 and 

3. It will be seen that, as expected, an underestimate of 

the broadening function causes no serious problem and a 

solution (1 2 I 1) is found. If the broadening function is 

overestimated by more than - 10% no solution is found. 
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Figure 13 
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Figure 15 
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Figure 16 
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Figure 17 



Maximum entropy in spectral deconvolution 705 

TABLE 1 

Intrinsic : Gaussian 

FWHMHi : 9.4 

Resolution : Gamma 

FWHMH, : 11.0 

Background : 0.0 

Broadening 
FWHMH 1c2 Iterations 

15.0 708 600 

14.0 402 600 

13.0 230 700 

12.0 <1 900 

11.0* < 1 500 

10.0 <l 500 

9.0 <l 400 

Solution 
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Intrinsic 

FWHMHi 

Resolution 

FW% 
Background 

Broadeninq 
FWHMH x2 

. . Gaussian 

. . 5.9 

: Gamma 
. . 11.0 

: 0.33 

Iterations Solution 

15.0 a.4 20,000 

14.0 4.3 20,000 

13.0 <l 1,800 

12.0 <l 1,000 

11.0" <l 700 

10.0 <1 600 

9.0 <1 400 

7 
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TABLE 3 

Intrinsic 

FWHMHi 

Separation 

Resolution 

FW% 
Background 

Broadening 
FWHMH iL2 

14.0 5.2 20,000' 

13.0 1.6 20,000 

12.0 <l 1,700 

11.0 <l 1,300 

10.0 <l 1,000 

9.0 <l 800 

9.0 <l 800 

: Gaussian Doublet 

: 7.1 

: 10.0 
. . huma 

: 11.0 

: 0.0 

Iterations Solution 
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The x 2 rapidly diverges as the broadening FWHMH is 

increased beyond the ‘true’ value. In fact it is possible 

that, in the absence of any other information, this 

behaviour could be used to try to judge the width of the 

broadening function. 

5. TEST OH EXP ERR4ENTA.L DA!l!A 

So far all the results discussed in this paper have been 
for computer simulated spectra. As a test of the method 
the algorithm was applied to data recorded on the IRIS 
spectrometer at the ISIS facility. The raw data is shown 
in Figure 18. and was obtained from a sample of 4-methyl 
pyridine . 
rotator the 

If the CH3 group in this molecule were a free 
spectrum would consist of a single line, 

broadened by the instrumental resolution. 

In fact three peaks are easily seen and the deconvolution 
of the observed data (Figure 19) by a Gaussian broadening 
function (0 

8 
= 0.0064 meV) suggests that a fourth peak is 

in fact pre ent as a shoulder to the central peak. This 
is agreement with the presence of four molecules in the 
unit cell. 

6. CONCLUSIOW 

In this paper we have explored some of the issues that 
will have to be resolved if the MaxEnt method is to become 
a standard data analysis tool. The central problem hinges 
on the confidence levels to be assigned to the result, 
either when the broadening function is known precisely or 
when there may be some systematic error in its assumed 
value. 

Since these confidence limits cannot be determined 
analytically the only method at present available is the 
empirical one. If one is deconvoluting a particular 
experimental spectrum the result can be used as the 
starting point of a series of computer experiments to 
determine the stability of the solution to a number of 
random or systematic errors. 
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Abstract: Maximum entropy methods are becoming increasingly 
important in the analysis of neutron scattering data, principally 
for the.deconvolution of the instrumental resolution function from 
measured data, and for the inversion of structure factor data to 
pair correlation function. It is demonstrated that maximizing the 
entropy of the estimated distribution does not necessarily 
guarantee that the inverted distribution is free from artifacts 
associated with the truncation, noise and systematic effects in 
:he data: the result can depend quite markedly on the assumed 
prior distribution used to calculate the entropy. For the 
structure problem a novel exponential weight on the Fourier 
coefficients is introduced which serves to ensure that the 
structure factor and its derivatives are continuous. The rate of 
exponential decay, which is related to the width of the narrowest 
peak in the structure factor is determined by an inverse 
correlation length that can be obtained from the data. In this way 
the results are markedly less dependent on the assumed prior 
distribution. 

1. Introduction 

A broad class of problems in neutron scattering involve the inversion of a set 
of measurements, the data Di, to a desired distribution function, N., the N. 
being related to the Di via a transform of some kind:- J J 

, i,j= O,l,..., 0 (1) 

This inversion is often impossible or ill-conditioned for several reasons:- 

(a) the transform may not be linear; 
(b) the data may be incomplete, i&l . . . i2; 
(c) the data are measured at discrete points; 
(d) the data may be noisy; 
(e) the data may have systematic errors. 

Because of the ill-conditioning it is likely that several or perhaps a large 
set of distributions N 

j 
can be regarded as consistent with the measured data. 
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Over the years a large number of methods have evolved to cope with the variety 
of difficulties which arise in the inversion of incomplete data. Of these it 
is claimed, Jaynes (1982)) that the Maximum Entropy (HE) approach, which 
attempts to avoid producing any information which is not justified by the 
data, provides an independent assessment of all the possible solutions to a 
particular problem, and so leads to that solution which is “maximally 
non-conuni t tall’ with respect to the unmeasured data. This is achieved via an 
entropy metric which is usually defined as 

A = - 1 Nj In (Nj/Pj) + j Nj - 1 Pj (2) 

j 

where P represents a **prior” distribution which incorporates previous 
knowledge about the distribution not contained in the data. The second and 
third terms are introduced in (2) in the event that N and P are not 
normalizable distributions. In the absence of any other information the ME 
solution, which attempts to maximize H, is simply N = P for all j. When 
constrained by additional information, i.e. the measured data, the entropy 
falls below its maximum value. The object of the ME method therefore is to 
find that solution for N which satisfies the data but which also keeps B as 
near as possible to its maximum value. It will be seen that this definition of 
R only exists if Nj,Pj > 0. 

The goodness of fit to the data is usually measured by a X-squared statistic 
or R-factor: 

Rf 2 = 1 (Di - Mi)2 / 1 Di2 

i i 

where M. is an estimate (or “model”) of the i’th data point obtained from the 
estimate3 trial N distribution via (1). With this definition a “quality 
factor”, or Q-factor, which represents how well a particular solution 
satisfies the dual constraints of entropy maximization and fit to the supplied 
data, is defined as 

2 
Of = - H + xRf2, (4) 

where x is an undetermined positive multiplier which controls how closely the 
model fits the data. Therefore it is the Q-factor which is to be minimized, 
with x determined by constraining the R-factor to a predefined value. 

In setting up the NE solution for a given experimental situation, there are 
two questions that need to be confronted. 
distribution 

Firstly what is the most appropriate 
space, the N distribution, in which entropy is to be calculated? 

Secondly, what is the most reasonable choice for 
distribution. 

the prior distribution, or P 
It is frequently assumed that the prior distribution should be 

uniform even though the existence of the data implies that the real 
distribution is anything but uniform. Unfortunately both of these questions 
are often ignored in the literature, there being an implicit assumption that 
somehow maximizing entropy will cover up all the difficulties. In the sections 
that follow I will apply the HE method to the problem of calculating the pair 
correlation function for a liquid or amorphous material from structure factor 
data. I will demonstrate that the obvious choice for the distribution N is in 
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fact quite inappropriate in this case, and that the result of ME analysis can 
depend markedly on the choice of prior distribution. Full details on the 
correct choice for the N and P distributions for the entropy estimation for 
this problem are given elsewhere, Soper (1988), but some examples of the 
results are shown here. The conclusions to be drawn are applicable to many 
other applications where ME techniques are used. 

2. Solution of the Maximum Entropy Problem 

The general solution of the ME problem is a highly non-linear problem and 
several solutions exist, mostly using sophisticated search procedures, Bryan 
and Skilling (1984). I have a developed a Monte Carlo (MC) solution to this 
problem which has several attractive features. In particular it is simple to 
execute, can allow error bars on the calculated distributions to be estimated 
if needed, and by virtue of the stochastic process intrinsic to MC 
calculations is unlikely to get stuck in local phase space minima. The object 
of the MC calculation is to set up an ensemble of distributions such that each 
member occurs with probability 

p(Qf2) = exp(-Mf2) (5) 

with X a positive multiplier which determines the size of the Q-factor and its 
fluctuations: as X is made larger so the Q-factor is driven smaller and the 
fluctuations become smaller. Full details of this algorithm are given 
elsewhere, Soper (1988), and will not be elaborated further here. However it 
will be noted that in all the examples given below X is kept as large as 
possible, so that fluctuations are held to a minimum and the individual trial 
distributions lie indistinguishably close to the ME solution. Typical run 
times for this algorithm, ,which might involve 500,000 individual moves, are 
-10 minutes of cpu on a VAX 8650, assuming 200 data points and 500 points in 
the N distribution. 

3. The Structure Problem in Disordered Systems 

The underlying transform in the structure of liquids and amorphous materials 
is in principle a straightforward Fourier transform: 

0 

S(Q) = 4xp 1 
r{ g(r)-1 ) sin(Qr) dr (6) 

0 

where S(Q) is the measured structure factor, as a function of wave vector 
transfer, Q, and g(r) is the underlying pair distribution function as a 
function of radial distance r from an atom at the origin. The atomic number 
density is p. Inverting this transform directly can lead to significant 
transform errors because the data can never be measured over a complete range 
of Q values and in any case invariably contain some form of error, statistical 
or systematic. Typically one introduces the constraint of only calculating 
g(r) at certain values of r, according to the Lado (1971) rules for Fourier 
transforms, i.e. Ar=n/Qmax. Furthermore a “window” function is often invoked 
to further reduce the effects of noise in the calculated distribution function. 

This problem is readily amenable to ME analysis. In particular there is 
apparently an obvious choice for the N distribution by virtue of the 
normalization 
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4nll r*[ g(r)-1 ) dr = -1 + oXkBT (7) 

0 

where X is the isothermal compressibility and T is the absolute temperature. 
Aence the “obvious” choice for the N distribution is simply 

Nj = N(rj) = 4~p rj2g(rj)Ar (8) 

where Ar is the bin width of the discretized distribution. Figures 1 and 2 
show the effects of applying ME analysis to the problem of transforming the 
hard sphere structure factor to pair correlation function. In this case the 
input S(Q) is known exactly within the Percus-Yevick approximation but is a 
particularly severe test of any transform method because g(r) for hard spheres 
is discontinuous at3r=u, the hard core diameter. In this case the density was 
chosen such that pu = 0.5, and a large 0 limit of Qmax = 15/u was imposed on 
the S(Q) data, with o = IA. In figure 1 the prior distribution is 

Pj = 0 

pj = 4nprj2Ar 

for rj < u 

for rj > u, 
(9) 

while for figure 2 the prior distribution is set at 

Pj = 0 

pj = 4nprj2Ar 

for rj < 0.750 

for rj > 0.75~. 
(10) 

In either case the fit to the data was the same, (R-factor = 1%); however it 
is readily apparent that the two results for g(r) are not the same. In 
particular the distribution in figure 2 has greater entropy than figure 1 
(-2.064 for figure 2 compared to -2.534 for figure 1) when measured against 
the uniform prior, thus confirming that the algorithm has found the true 
maximum entropy solution for figure 2. This result is apparently at odds with 
our intuition which might tend to favour the one in figure 1 as being less 
“structured”, if the word “structure” in this case is taken to indicate the 
number and size of peaks and valleys in the calculated distribution. In fact 
the distribution in figure 1 is very close to the known exact solution, Throop 
and Bearman (1965). 

The difference between the two solutions is manifested in 0 space not in the 
region of the input data, where the two solutions give equally good fits, but 
beyond the input region. Figure 3 shows the calculated structure factor for 
the distribution in figure 2, and also the difference bftween model and data. 
It is seen that immediately beyond the data (Cl - 15-16 A- ) there is a strange 
cusp in the S(Q) from figure 2, a phenomenon which has been seen before, Root, 
Egelstaff and Nickel (1986). The ripples seen in figure 2 become suspect when 
it is realized they have a period of - 2n/Qmax, where Qmax is the largest 0 
value for the input data. Bence it is concluded that maximizing the entropy 
has not avoided the truncation ripples associated with the discontinuity in 
the input data at Q=Qmax. For measured datasets which usually have a noise 
component, the discontinuities become important since there is effectively a 
discontinuity at every data point. 



Maximum entrcpy applicatbn 715 
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Figure 1 Maximum entropy pair correlation function 
hard sphere structure factor. 

derived from Percus fevick 
The S(Q) data were truncated at Q = ISA- , and 

the prior distribution used is zero in the region r = 0 to r = IA. The circles 
show the calculated distribution and the line shows the prior. 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Figure 2 Same calculation and notation as for figure 1 except that the prior 
is zero in the region r = 0 to r = 0.75A. 
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Figure 3 Maximum entropy structure factor corresponding to the correlation 
function of figure 2. The crosses show the residual between fit and data 
shifted below zero by unity. 

4. Solution of the Discontinuity Problem 

I propose two solutions to the problem of discontinuities. The first is to 
effectively force S(Q) to be everywhere continuous and have continuous 
derivatives. To see how to do this a well known theorem from Fourier 
transforms is invoked, Lighthill (1959). From (6) it can be seen that the n’th 
derivative of S(Q) is given by 

0 

S”(Q) = 4~p(-l)~‘~ r”+‘(,g(r.).-1 ) sin(Qr)dr 

0 

and 

S”(Q) = 41tp(-l)(“-~)‘~ fr?l( g(r)-1 } cos(Qr)dr 

0 

Therefore if (g(r)-1) converges slower than l/rn+2 as 

for n-odd (12). 

m, there will be 
discontinuities 
where 

in the n’th derivative. On the other hLd+if exp(arJ$g(r)-1), 
a is a finite positive number, is convergent as r + m then r” (g(r)-11 

is also convergent at large r for all n. For the hard sphere pair correlation 
function the exponential decay of (g(r)-1) with increasing r is an analytic 
consequence of the theory which describes the hard sphere structure factor, 
Perry and Throop (1972). For other liquid and amorphous structures the 
requirement that S(Q) be continuous and have continuous derivatives is a 
necessary consequence of there being no long range order in the material. 

for n=even (11) 
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This exponential constraint leads to a simple revision of the definition of 
the N and P distributions, namely 

N 
j 

’ = exp(arj) * N(rj) - 4x0 exP(~j)rj2B(rj)~ (13) 

and 

P ’ 
1 

=o for rj < u 
(14) 

P ’ 
j 

= 4np exp(.arj)rj26r for rj > 0. 

The primed distributions are used instead of the unprimed distributions 
in the definition of entropy, equation (2). Otherwise the calculation proceeds 
as before. The inverse correlation length, u, is determined from the width of 
the narrowest peak in S(Q), or by inspection of the large r behaviour of g(r). 
Rence for a previously unknown dataset it may be necessary to redetermine its 
value once an initial solution has been achieved. 

Figures 4 and 5 show the results of ap lying this exponential constraint in 
the definition of entropy, with a = 1.81 4 . It can be seen that the ripples in 
figure -2 have been largely eliminated in figure 4, and that the problem of the 
cusp in S(Q) at O=Qmax has now been erradicated (figure 5). The fit is a good 
as before (R-factor = 1X), and the entropy is only marginally lower than for 
figure 2, being equal to -2.096. 

Figure 4 Haximum entropy pair correlation function as for figure 2, but this 
time derived using the exponential weighting on the distributions used to 
calculate the entropy, as described in the text. 
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Figure 5 Maximum entropy structure factor corresponding to figure 4. Note that 
the cusp near 0 = 15/A is absent in this case. 
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Figure 6 Maximum entropy pair correlation function as before, but this time 
using the fluctuations in the Q-factor linearly interpolated between the 
allowed discrete Fourier values. 
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5. Coping with Truncation Effects 

It is apparent in figure 4 that some truncation effects may still be present 
in the estimated distribution functions. These arise because in estimating the 
change in Q-factor at each move, there is a sum over the input data which in 
effect is a Fourier transform of the difference D 

f 
- Mi, Soper (1988). Since 

the change in Q-factor at each move is the driving orce behind the 
calculation this Fourier transform can give rise to exactly the same 
truncation effects seen in a direct transform of the raw data. My solution to 
this difficulty is to evaluate the transform only at the allowed r values ( r. 
= jn/Qmax ), and then interpolate the result onto the required grid of 4 
values by linear interpolation. 

Figure 6 shows the result of doing this for the same input dataset as before. 
Now it will be noted that truncation effects are diminished even further: the 
result is now approaching that of figure 1, but with greater entropy (R = 
-2.141). 

6. Conclusion 

The foregoing text has described the application of the ME method to the 
calculation of the pair correlation function from structure factor data fot 
liquid and amorphous materials. The main conclusion is that ME does not 
automatically guarantee that the results are free from artifacts associated 
with noise and truncation in the data. To avoid these artifacts it is 
necessary to build into the distributions used to calculate entropy known 
physical constraints which must be satisfied, whatever the detailed form the 
distributions are to take. For the structure factor problem these constraints 
include the requirement that the structure factor must everywhere be 
continuous and have continuous derivatives, and that the fluctuations in the 
distributions away from the prior distribution are not biassed by the 
truncation of the input data. Further details and applications of the Monte 
Carlo algorithm used here are available elsewhere, Soper (1988), as well as a 
discussion of the present approach in the context of other recent attempts at 
the structure factor problem. 
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ABSTRACT: A method for optimizing reconstruction algorithms 
is presented that is based on how well a specified task can be 
performed using the reconstructed images. Task performance is 
numerically assessed by a Monte Carlo simulation of the complete 
imaging process including the generation of scenes appropriate to 
the desired application, subsequent data taking, reconstruction, 
and performance of the stated task based on the final image. The 
use of this method is demonstrated through the optimization of 
the Algebraic Reconstruction Technique (ART), which 
reconstructs images from their projections by an iterative 
procedure. The optimization is accomplished by varying the 
relaxation factor employed in the updating procedure. In some of 
the imaging situations studied, it is found that the optimization of 
constrained ART, in which a nonnegativity constraint is invoked, 
can vastly increase the detectability of objects. There is little 
improvement attained for unconstrained ART. The general 
method presented may be applied to the problem of designing 
neutron-diffraction spectrometers. 

Introduction 

The overall purpose of an imaging system is to provide information about the 
object or scene being imaged. For mission-oriented imaging systems, the type of 
scenes expected and the kind of information desired can frequently be specified. 
In such a case an imaging system should be optimized on the basis of how well 
the specified tasks can be performed using the resulting images. Here this 
approach to optimization is applied to only one aspect of the complete imaging 
system, that of the image reconstruction algorithm. It is shown that such an 
optimization is distinctly practical and can be extremely beneficial. 

Several classes of measures have been employed in the past on which to 
base the optimization of reconstruction algorithms [l]. Some are based on the 
fidelity of the reconstructed images, such as the conventional measure of the 

*This work was supported by the United States Department of Energy under contract 
number W-7405-ENG-36. 
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rms difference between the reconstruction and the original image, simply called 
the rms error. Experience teaches us that this does not always seem to be cor- 
related with the usefulness of images. There are alternative measures based on 
how closely the estimated reconstruction reproduces the measurement data, for 
example, the mean-square residual. Unfortunately, without further constraints 
reconstruction based on minimizing the mean-square residual is known to be 
ill-conditioned or even worse, ill-posed [l]. 

In the approach to algorithm optimization presented here, an algorithm is 
rated on the basis of how well one can perform stated tasks using the recon- 

structed images. As shown in Ref. [2], task performance in a well specified 

imaging situation is readily assessed numerically through a Monte Carlo tech- 

nique that is used to simulate the complete imaging process. The optimization 
procedure involves maximizing task performance by varying whatever free pa- 
rameters exist in the reconstruction algorithm. 

This article closely follows one that appeared in conjunction with an SPIE 
conference [3]. The main thrust of the present article is the solution of the 
tomographic reconstruction problem in which a two-dimensional image is to be 
determined from a set of projections (line integrals) taken through it. However, 
the same kind of difficulties that exist in tomographic reconstruction are present 

in other image-recovery problems. That goes for the deblurring of blurred data 
in either one or two dimensions. The technique presented here for evalua- 

tion and optimizaton of a reconstruction algorithm has obvious applications to 

many of the questions that have been posed during this workshop regarding 
the best design of neutron-diffraction spectrometers. It is well to remember 

that the data-collection system includes both the spectrometer design and the 
subsequent data analysis, which includes any deblurring that might be deemed 

necessary. Optimization of the quality of the final data should also include the 
effects of the data processing that may be required for the proper interpretation 
of the data. 

Method to Calculate Task Performance 

For linear imaging systems the effects of image noise on task performance can 
be predicted for a variety of simple tasks [4]. The same cannot be said of the 

effects of artifacts. The masking effects of measurement noise are truly random 
in nature. The random noise process results in each set of measurements being 
different, even when the scene being imaged does not change. However, re- 
construction from limited data typically produces artifacts in the reconstructed 
images that behave differently than the fluctuations arising from random noise. 
They manifest themselves as seemingly unpredictable irregularities that look 
like noise, but in a strict sense, they are not. They are deterministic since they 
can be predicted from the combined knowledge of the measurement geometry, 
the scene, and the reconstruction algorithm. Since these artifacts depend on 
the scene, a single realization of a simple scene is plainly inadequate to judge 
a reconstruction algorithm. It is necessary to obtain a statistically meaningful 
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average of the response of an algorithm to many realizations of the ensemble of 

scenes with which it must cope. 

A Monte Carlo technique, one that employs pseudo-random numbers to 

generate its results, is used to simulate the entire imaging process from scene 

generation to the final task performance, because it can readily provide the 

above variations within the ensemble. 

The method requires first a complete specification of the entire problem in 

the following manner: 

a) Define the class of scenes to be imaged with as much complexity as exists 
in the intended application. 

b) Define the geometry of the measurements. The deficiencies in the mea- 
surements such as blur, uncertainties in the geometry, and uncertainties in the 
measurements (noise) should be specified. 

c) Define clearly the task to be performed. Details concerning what is known 
about the signal and the background must be stated explicitly. 

d) Define the method of task performance. This method should be consistent 

with the intended application and the a priori known information. 

The simulation procedure is then performed by doing the following: 

e) Create a representative scene and the corresponding measurement data 

by means of a Monte Carlo simulation technique. 
f) Reconstruct the scene with the algorithm being tested. 

g) Perform the specified task using the reconstructed image. 
h) Repeat steps e) through g) a sufficient number of times to obtain the 

necessary statistics on the accuracy of the task performance. 
Finally, determine how well the task has been performed: 
i) Evaluate the task performance using the relevant measure of performance. 
The advantage of this numerical approach is that it readily handles complex 

imaging situations, nonstationary imaging characteristics, and nonlinear recon- 
struction algorithms. Its major ‘disadvantage is that it provides an evaluation 
that is valid only for the specific imaging situation investigated. 

ART 

The Algebraic Reconstruction Technique (ART) [5] is an iterative algorithm 
that reconstructs a function from its projections. It has proven to be a very 
successful algorithm in tomographic reconstruction, particularly for estimating 

a function when there is a limited amount of data available. It is identical 

to the Kaczmarz algorithm [6], which provides a pseudoinverse solution to a 

singular system of linear equations [7] and works particularly well when the 
matrix is sparse. Assume that N projection measurements are made of the 
unknown function f, which will be considered a vector. As these measurements 
are linearly related to f, they may be written as 

gi=Hif, i=l,..., N, (1) 
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where gi is the ith measurement and Hi is the corresponding row of the mea- 
surement matrix. The ART algorithm proceeds as follows. An initial guess is 
made, for example, f o = 0. Then the estimate is updated by iterating on the 
individual measurements taken in turn: 

f k+l=fk+XkH~ (2) 

where i = k mod(N)+1 and XL is a relaxation factor for the kth update. 
Any applicable constraints are invoked after each update. For example, for 
constrained ART in which a nonnegativity constraint is enforced, when f k+* < 
0, set f k+l = 0. In the absence of constraints, the normalization of (2) is such 
that when X” = 1, fk+i is guaranteed to satisfy the measurement equation 
(1). In the standard nomenclature one iteration is completed after the full set 
of N measurements has been processed. We use the index K to indicate the 
iteration number (K = int(le/N)). V ariable relaxation (or damping) factors are 
used here to attenuate successive updates during the reconstruction. We will 
express the relaxation factor as 

AK = Xo(TA)K-l. 

The proper choice of the relaxation factor is the issue at hand. There is 
very little guidance on this choice in the literature. It is known [S] that if a 
solution to the measurement equations exists, the ART algorithm will converge 
to it in the limit of an infinite number of iterations provided that 2 > & > 0. 
A value of unity is often suggested. Censor et al. [9] have shown that uncon- 
strained ART ultimately converges to a minimum-norm least-squares solution if 
the relaxation factor approaches zero slowly enough. However, XK will asymp- 
totically approach zero for any value of TX < 1. The value appropriate to a 
finite number of iterations remains uncertain. In previous work the author has 
assumed for J!o and TX the nominal values of 1.0 and 0.8 for problems involving 
a limited number of projections, and 0.2 and 0.8 for problems involving many 
(~100) views [2]. This choice for TX makes the final XK at ten iterations about 
seven times smaller than the initial one X0, In our experience unconstrained 
ART converges reasonably well in ten iterations. Next we discuss a way to find 
the best choice for the relaxation parameters for a given problem. 

Optimization of ART 

The use of numerically calculated task performance will be demonstrated by 
searching for the optimum choice of X0 and TX for the ART algorithm. For the 
present purpose, the class of scenes is assumed to consist of a number of non- 
overlapping discs placed on a zero background. For this example, each scene 
contains 10 high-contrast discs of amplitude 1.0 and 10 low-contrast discs with 
amplitude 0.1. The discs are randomly placed within a circle of reconstruction, 
which has a diameter of 128 pixels in the reconstructed image. The diameter 
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Figure 1: The first randomly generated scene consisting of 10 high-contrast and 

10 low-contrast discs. The evaluation of task performance is based on an average 

over ten similar scenes. 

of each disc is 8 pixels. The first of the series of images generated for these 
tests is shown in Fig. 1. In this computed tomographic (CT) problem, the 
measurements are assumed to consist of a specified number of parallel projec- 
tions, each containing 128 samples. Ten iterations of ART are used in all of 
the present examples. It is assumed that the task to be performed is the detec- 
tion of the low-contrast discs. To produce noisy data, random noise is added 
to the projection measurements using a Gaussian-distributed random number 
generator. 

The result of reconstructing Fig. 1 from 12 noiseless views spanning 180° 
is shown in Fig. 2. The seemingly random fluctuations in the background 
are actually artifacts produced by the limited number of projections and arise 
mainly from the high-contrast discs. As the artifacts depend on the positions of 
the discs, it is important to allow for random placement of the discs to allow for 
the full range of artifacts. It appears that the nonnegativity constraint improves 
the reconstruction considerably in that it has reduced the confusion caused by 
the fluctuations in the background. However, upon careful examination, one 
finds that some of the low-contrast discs have not been reproduced. Also, 
there still remain many fluctuations in the background that may mislead one 
to suspect the presence of discs in places where none exist in reality. Thus, 
on the basis of this single example, one cannot say with certainty whether or 

not the detection of the low-contrast discs is improved by the nonnegativity 
constraint. A statistically significant comparison between reconstructions with 
and without the constraint must be made to assess its value. 

The task to be performed is assumed to be the simple detection of the 
low-contrast discs. It is assumed that the position of a possible disc is known 
beforehand as is the background. To perform the stated task of detection, it is 
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Figure 2: Reconstructions of Fig. 1 from 12 noiseless parallel projections sub- 

tending 180’ obtained with 10 iterations of the ART algorithm (top) without and 

(bottom) with the nonnegativity constraint. These reconstructions were obtained 

with & = 1.0 and TX = 0.8. 



Optimization of reconstruction algorithms 

12 VIEWS - 180” - NO NOISE 

727 

1 

-7.5 -5.0 -2.5 0,0 2.5 5.0 7.5 10*0 

DECISION VARIABLE, 16 

Figure 3: The frequency distributions of the decision variable (the sum over a cir- 

cular region) evaluated where a low-contrast disc is known to exist (dashed line) 

and where none exists (solid line) for ART reconstructions without the nonnegativ- 

ity constraint. These results summarize the detection performance obtained from 

reconstructions from 12 views for 10 randomly-generated scenes. 

assumed that the sum over the area of the disc provides an appropriate decision 
variable 4. This sum is an approximation to the matched filter, which is known 
to be the optimum decision variable when the image is corrupted by additive 
uncorrelated Gaussian noise [lo]. Ignored is the blurring effects of the finite 
resolution of the discretely-sampled reconstruction. Neither is account taken of 
the known correlation in the noise in CT reconstructions [ll] that have been 
derived from projections containing uncorrelated noise. After reconstruction, 
the sums over each region where the low-contrast objects are known to exist 
are calculated, as well as those over each region where none exist. These two 
data sets may be displayed as histograms in this decision variable as shown in 
Fig. 3. To perform the detection task, a disc will be said to be present at each 
location where the value of the decision variable is above a chosen threshold. 
The degree of separation between these two distributions is often characterized 
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by the detectability index d’, given by 

I (4 

where $1 and ur are the mean and rms deviation of the frequency distribution 
when the object is present and those with the subscript 0 are when the ob- 

ject is not present. This quantity is sometimes called the signal-to-noise ratio 
(SNR) for detection. Clearly, larger d’ implies better separation of the two 
distributions and hence better detectability. For the histograms shown in Fig. 
3 obtained for unconstrained reconstructions, d’ is 0.871. When the same anal- 
ysis is carried out on reconstructions employing the nonnegativity constraint, 
a value of 2.054 is obtained. We conclude that the nonnegativity constraint 
has improved detectability. As noted in Ref. [2], the detectability index based 

on the area under the receiver operating characteristic curve dA may be more 
appropriate for the binary decision task. But d’ has better statistical accuracy 
than dA and is more likely to be a continuous function of the parameters that 
can be varied in the reconstruction procedure. Thus d’ is the preferred choice 
for the purpose of optimization. 

Fig. 4 shows how two choices for optimization functions depend on X0 and 
TA for constrained ART. There is a definite minimum in these functions indicat- 
ing optimum operating points for these two parameters. However, the minima 
are at different values of these parameters. Which operating point should we 
choose? Fig. 5 shows the reconstructions obtained using the relaxation parame- 

ters for optimization with respect to 100/d’ and the rms error in the reconstruc- 

tion. There is an enormous improvement in the quality of both reconstructions 
over those shown in Fig. 2. Optimization with respect to 100/d’ appears to 
be preferable because it yields a d’ that is twice as large as the optimization 

with respect to rms error. The latter also leads to annoying streak artifacts, 
which are quite visible in a good display of the reconstruction. The same kind 
of contour plots for unconstrained ART are relatively flat and uninteresting. 

Fig. 6 shows reconstructions obtained from noisy data. Because of the large 
number of views, the data are complete. For the unconstrained and constrained 
reconstructions, d’ is found to be 1.995 and 1.825, respectively. In this case the 

nonnegativity constraint has worsened detectability, contrary to what might 
be concluded from a first glance. The CPU time required to calculate these 
detectabilities took about one hour on a VAX 8700, which is about four times 
faster than a VAX 785. 

The optimum values for X0 and TX were found for various conditions of data 
collection using a function minimizer from the NAG library1 called E04JB. This 
routine finds the parameters for the minimum of a function after many evalua- 
tions of the function. From 20 to 100 function evaluations are required for the 
cases studied here. Table 1 tabulates the results obtained with unconstrained 

‘Numerical Algorithm Group, 7 Banbury Road, Oxford OX2 6NN, UK 
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Figure 4: Contour plots of two optimization functions plotted as a function of 

the relaxation parameters & and TX used in the constrained ART reconstruction 

algorithm. The measurements consist of 12 noiseless, parallel projections spanning 

180’. The coarse sampling (10 x 10 points) of these functions, necessitated by the 

lengthy computation time required for each function evaluation, accounts for the 

scalloping effects. 
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Figure 5: Optimized reconstructions of Fig. 1 from 12 noiseless parallel projections 

subtending 180’ obtained with constrained ART. The reconstruction on the top is 

obtained with Xu = 2.96 and TX = 0.975, which is the optimum for detectability. 

The reconstruction on the bottom is obtained with Xo = 3.25 and TX = 0.975, 

which produces the smallest rms difference between the reconstruction and the 

original image. Although the rms error in the reconstruction is a common measure 

for the quality of reconstruction, it yields more visible artifacts and reduces d’ from 

its optimum of 23.5 to 12.6. 
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Figure 6: Reconstructions of Fig. 1 from 100 noisy parallel projections subtcnd- 

ing 180° obtained with the ART algorithm (top) without and (bottom) with the 

nonnegativity constraint. The noise added to the projection measurements has 

an rms amplitude of 8, which is ten times the peak projection value for one of 

the low-contrast discs. These reconstructions were obtained with Xo = 0.2 and 

TX = 0.8. 
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Table 1: Summary of the effect of optimization with respect to the detectability 

index d’ on reconstructions obtained using 10 iterations of unconstrained ART. 

The optimum operating point was found by varying the parameters that control 

the relaxation factor used in the ART algorithm, Xo and TX, as discussed in the 

text. There is generally little improvement in detectability. 

Table 2: Summary of the effect of optimization with respect to the detectability 

index d’ on ART reconstructions incorporating the nonnegativity constraint. When 

the measurement geometry limits the reconstruction rather than noise in the data, 

dramatic improvement in detectability is seen to be possible. 

ART. In most cases relatively little improvement in detectability is achieved by 
optimization compared to that obtained with the nominal relaxation factors. 
In the noiseless cases, a value of unity for Xx yields essentially the same results 
as the optimized values, a choice that is in agreement with common practice. 
However, for noisy data it seems desirable for TX to be less than unity and, 

when there’ are many views, JO should be small. These choices are reasonable 
as they promote significant averaging over all the views. As a rule of thumb, for 

noisy but complete data, the relaxation factor should be approximately equal 
to the reciprocal of the number of views for the last few iterations. 

The results of optimizing constrained ART are presented in Table 2. The 
nonnegativity constraint is seen to be generally useful with the nominal re- 

laxation factors, particularly when the data are limited by the measurement 
geometry. But with optimization, huge improvements in detectability are ob- 
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tained in these cases. Very large relaxation factors are preferred, in fact much 

larger than might be expected. However, when it is realized that the nonnega- 

tivity constraint has the effect of undoing the agreement with each measurement 

that should result from an update, it seems reasonable that overrelaxation is 

needed. Neither the use of nonnegativity nor the optimization has much ben- 

efit when the data are complete but noisy. It is possible that this conclusion 

depends heavily on the type of task posed and the decision variable adopted for 

the performance of the detection task. It seems that the task of identification of 
the discs as separate entities might yield a different conculsion about the value 
of the nonnegativity constraint when the data are noisy. 

Discussion 

In some of the imaging situations studied, the use of the nonnegativity con- 

straint in ART significantly increases the detectability, of objects, especially 
when the data consist of a limited number of noiseless projections. Optimiza- 
tion is accomplished by varying the relaxation factor, both in terms of its initial 

value and the rate of its decline with iteration number. The detectability in 

the reconstructions obtained with constrained ART is dramatically enhanced 

by the optimization procedure in some cases. It is found that optimization of 

ART with respect to conventional measures of reconstruction quality, such as 
rms difference from the original image, results in reconstructions with more ar- 
tifacts and lower detectability. For unconstrained ART, little improvement was 

achieved through optimization. 
It is concluded that it is important to optimize image-reconstruction algo- 

rithms on the basis of what is most important, which can often. be defined in 
terms of a task that is to be performed using the final image. The approach 
taken here is based on a Monte Carlo simulation of the complete imaging pro- 
cess from the composition of the original scene to the final interpretation of 
the reconstructed image. This method is consistent with the assertion that an 
algorithm can only be properly evaluated by testing it on a statistically mean- 
ingful sample of trials in which all the uncontrollable variables in the problem 
are varied. This numerical simulation technique has several great advantages. 
It can be used to evaluate the net effect of complex scenes on the reconstructed 

images. It is particularly useful in situations that do not lend themselves to 

analytic analysis, as in nonlinear algorithms like constrained ART. It can opti- 
mize the performance of iterative algorithms for an arbitrary number of itera- 
tions. These issues cannot be addressed directly by theoretical approaches to 
optimization, The major disadvantage of relying on the Monte Carlo numerical 
technique is that each result applies only to the specific imaging situation tested 
and generalizations are seldom possible. 

The method for optimizing tomographic reconstruction presented here sug- 
gests a way to evaluate and optimize the design of neutron-diffraction spectrom- 
eters together with the performance of the required data-unfolding schemes. 
For a postulated mix of broad and narrow peaks that occur on a variable back- 
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ground, one could determine how well the presence of each peak is detected. To 

push the technique further, it would be possible to ascertain how well one could 

estimate the various parameters associated with each peak (amplitude, width, 
position) from the final reconstructed data. This approach to data evaluation 
can provide a firm basis upon which to make decisions about spectrometer 

design. 
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The goal of neutron scattering experiments is to measure the neutron scatter- 
ing law, which is proportional to the correlation functions of the condensed 
matter systems of scientific interest. The data produced in neutron scattering 
experiments is equal to a convolution of the scattering law with a spectrome- 
ter resolution function, with the addition of Poisson noise due to the finite 
counting statistics and of background due to other physical processes taking 
place in the spectrometer. The data may be incomplete, may be measured at 
only a discrete set of points, and may have systematic errors. The problem of 
infering the scattering law from such data is central to the extraction of infor- 
mation from the neutron scattering technique. 

The simplest, and most popular, approach is to assume that the raw data 
provides a first approximation to the scattering law. However, the raw data 
may poorly represent the scattering law because of distortions due to the 
measurement process. Especially for the time-of-flight techniques used in 
pulsed neutron sources, the raw data may be presented in a space of instru- 
ment variables (e.g. scattering angle, time-of-flight channel) which is differ- 
ent from the space of physical variables (e.g. momentum transfer, energy 
transfer) of interest. The ability to accurately display data in physical vari- 
ables may be critical to real-time decisions about the conduct of experiments. 

To date, most neutron scattering experiments have been analyzed by fitting 
the data with models using a minimum of parameters which, at least implic- 
itly, assumes specific physical processes underlying the neutron scattering law. 
Such parameter estimation procedures depend on the accuracy with which 
one knows the resolution functions and backgrounds of the spectrometer. 
The paper by Bywater, Williams, and Carpenter in this workshop addresses 
the measurement of the pulse shapes of moderators from pulsed neutron 
sources which dominates the instrument resolution functions. Parameter esti- 
mation also depends on the sensitivity of the data to the parameters one 
wishes to determine, and on the physical validity of the fitting model. Such 
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procedures can be well-controlled in many cases, e.g. the Rietveld profile 
refinement method for the analysis of powder diffraction data for neutron 
crystallography. They can also be poorly-controlled especially in cases where 
the prior physical knowledge is incorrect, e.g. fitting Gaussian peaks to data 
which are in fact Lorentzian broadened. 

To go beyond these two traditional procedures for analyzing neutron scatter- 
ing data, one can attempt to infer the scattering law directly from the data. 
Such statistical inference problems are inherently ill-conditioned because 
there may be an infinity of scattering laws all of which fit the data according 
to a chi-squared criterion. The problem is to use the data to make the best 
choice of scattering law, termed the image, including whatever prior informa- 
tion about the scattering law one has such as sum rules, positivity, physical 
properties, etc. 

Such image processing problems are not unique to neutron scattering. So- 
phisticated data analysis methods have been developed to handle similar 
problems in other fields of research such as radio astronomy, magnetic reso- 
nance imaging, computed x-ray tomography, etc. The most successful of 
these are the maximum entropy and Bayesian methods. Bayes’ theorem pro- 
vides a systematic approach to statistical inference. It states that the prob- 
ability of the image after an experiment (the Posterior) is the product of the 
probability of the image before the experiment (the Prior) times the modifi- 
cation of the image probability by the data (the Likelihood). In the maximum 
entropy (Max&t) method the Prior is the exponential of the Shannon/ 
Jaynes entropy of the image relative to a starting model. The MaxEnt image 
reconstruction is obtained by maximizing the Posterior probability. The most 
important properties of MaxEnt are that it enforces the positivity of the scat- 
tering law, and it puts structure in the image only if it is warranted by the 
data. tioreover, it permits the incorporation of other forms of prior informa- 
tion such as physical knowledge and, therefore, it provides an iterative ap- 
proach to image reconstruction. Because of the success of the maximum 
entropy method in other fields of research, and the obvious need for it in 
neutron scattering research, maximum entropy has recently been applied to 
time-of-flight experiments at the LANSCE and ISIS pulsed neutron sources. 
An excellent introduction with specific applications to pulsed neutron sources 
is presented by D. S. Sivia in these proceedings. This paper demonstrates 
that enormous improvements in image quality are obtainable with the maxi- 
mum entropy method compared with the popular, “the raw data approxi- 
mates the scattering law”, philosophy. 

Several of the workshop papers are concerned with more technical aspects of 
the application of maximum entropy method to pulsed neutron sources. The 
paper by Johnson and Litster provides empirical experience on the applica- 
tion of the maximum entropy method to the deconvolution of the typical 
spectra found in neutron scattering research. The paper by Soper addresses 
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the prior knowledge which must be incorporated in the maximum entropy 
method in order to reliably extract the radial distribution function of amor- 
phous materials and liquids from the incomplete scattering data obtained in 
neutron diffraction experiments. The paper by Silver, Sivia, and Pynn uses 
the maximum entropy technique to assess the relative ability of various instru- 
ment resolution functions to convey information about the scattering law. 

More broadly, we emphasize that the application of modern methods of data 
analysis to neutron scattering may lead to a sea-change in how we analyze 
and display data, and even revolutionize the criteria for optimizing neutron 
scattering instrumentation and neutron sources. The appropriate philosophy 
is stated in the paper by Hanson: “ . ..the data collection system includes both 
the spectrometer design and the subsequent data analysis... Optimization of 
the quality of the final data should also include the effects of the data proc- 
essing that may be required for the proper interpretation of the data.” Han- 
son goes on to provide a specific example of data analysis algorithm optimiza- 
tion for the case of the Algebraic Reconstruction Technique. The paper by 
Sivia, Silver and Pynn demonstrates by simulations that the maximum en- 
tropy data analysis procedure leads to a different optimization of instrument 
resolution functions than the popular, “the raw data approximates the scat- 
tering law,” philosophy. 

Neutron scattering is an inherently signal limited and expensive technique, 
and therefore it is imperative to optimize spectrometers, sources and experi- 
ments. The use of modern data analysis methods can lead to improvements 
of an order-of-magnitude or more in the information which can be extracted 
from neutron scattering data. Optimization of spectrometers and neutron 
sources based on modern data analysis procedures can potentially lead to 
further orders-of-magnitude gains. An information theory of spectrometer 
design should be a high priority in neutron scattering research. Such software 
approaches to advancing the state-of-the-art in neutron scattering research 
can be far more cost-effective than the conventional hardware approaches 
(e.g., increasing proton currents from accelerators, boosted targets, etc.) 
which have dominated prior meetings of the International Collaboration on 
Advanced Neutron Sources. 

We believe that modern data analysis methods, such as maximum entropy 
image processing, will become a dominant theme in the future development 
of the neutron scattering technique. 
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ABSTRACT: A conceptual design is presented for a second- 
generation proton storage ring complex at LAMPF. The facility 
would consist of two stacked racetrack-shaped machines. These 
machines would deliver a 1.2-mA beam of 1.6-GeV protons at 
48 Hz. The pulse length would be 1.75 psec which represents a 
time compression of 570. 

1. Introduction 

There is some local interest for a 1.6-GeV proton storage ring (PSR) 
which will deliver nominally 2 MW of beam power at 48 Hz. The design 

for the present PSR is just 80 kW so the improvement is a factor of 
-25. The 1.6GeV kinetic energy would be obtained from an add-on 

linac to LAMPF. The flux requirement is 1.5 x 1Or4 ppp at 48 Hz; 
the beam would be sent alternately to neutron production, and neutrino 
production experiments, respectively. These facilities would each operate 
at 24 Hz. 

This request can be met by using two stacked rings which are respectively 
fed with two successive LAMPF macropulses. Each ring would store 7.5 
x 1013 protons. Thus, 96 of the 120 LAMPF macropulses normally 
available in 1 set would be devoted to these ends. Additionally, the 
present H- source would have to be upgraded by a factor of two. Protons 
would be fast extracted in a single turn from each ring and sent to the 

experiments in box-car fashion. The pulse length would be 1.75 psec, 
so the time compression is a factor of -570. There are two constraints 
which must be met: (1) The slow losses which occur in the Los Alamos 

Proton Storage Ring (PSR) cannot take place in these rings.’ (2) It 
is necessary to store beam in one of these rings for up to 8 msec, so 

the rings must be stable against coherent instability. In view of these 
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requirements, it appears to me that certain steps have to be taken-they 
are spelled out below. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

The injection must be direct H- to Hf in a stripping foil instead of 
the two-step process used in the PSR. The stripping magnet intro- 
duces extra beam divergence in the bend plane. The lack of control 
over the neutral beam is another negative aspect. 

The injected H- beam should be matched to the machine in 6-D 
phase space. We need to limit the injected dp/p, and to stabilize 
the position of the beam at the foil in x-x’ and y-y’ phase space. 

We need to choose an aperture large enough to contain the tails of 
the beam to the 99.9% level. Collimation schemes have to effectively 
restrict losses to the 100 nA level locally. Mainly, we are looking 
to absorb protons scattered out of the normal acceptance by large- 
angle scatters in the stripping foil. 

Effective Ho and H- dumps should be provided to remove partially 
stripped or unstripped particles. 

Efforts should be made to reduce the number of foil traversals for 
circulating protons. These include beam bumping, transverse paint- 
ing, z-y mixing by means of skew quadrupoles, etc. The foil should 
be positioned at a beam waist with small /3*. 

The machines should have long straight sections for injection, ex- 
traction and rf cavities. 

We need to maintain a clean kicker gap for lossless extraction. 

The maximum transverse space-charge tune shift -dQy should not 
exceed 0.15. This requirement stipulates the beam core emittance. 

With regard to coherent instabilities, we should endeavor to reduce 
the peak currents seen in the PSR, as well as maintain a significant 
dp/p width; this may be difficult to achieve with conventional rf 
systems. We really need to make a smooth vacuum chamber with 
gradual transitions. 

Sextupole magnets should be included for chromaticity control, but 
their use should not reduce the ring admittance to below 1000 mm- 
mr. 

The machine requirements have been met in a first-order design which is 
the subject of the remainder of this report. The design layout is shown 

_ _.-.- -. 
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in Fig. 1. The shape is that of a near racetrack. The four bend sections 
are 90” bend achromats. The two short straight sections each contain 
fast extraction systems. The rf cavity is located in a dispersion free zone. 
The long straight section containing the injection area includes a special 
injection chicane, the stripping foil, an H-/Ho dump, two orbit bumpers, 
and two halo collimators. All of these are discussed below. 

1.6 GeV Compressor 

P 

P 

Circumference: 265.77 m 

Fig. 1. Plan view layout of the new compressor rings. 

Table I lists the parameters for the designed machines. The revolution 
frequency is 1.048 MHz, so the revolution time is 954 nsec. The pulses 
from the two rings will be extracted sequentially and sent in box-car 
fashion to the experimental areas. Allowing for a kicker gap of about 
150 nsec, we would expect a final delivered pulse length of 1750 nsec 
(800 + 150 + 800). 

In Section 2, I discuss the lattice design. In Section 3, I explain the me- 
chanics of beam transfers. Collimation is briefly discussed in Section 4. 
The rf system is treated in Section 5. The subject of coherent instabilities 
is treated in Section 6. Concluding remarks are given in Section 7. 
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Table I. Machine Parameters 

Kinetic Energy 

Average Current Delivered 

Repetition Rate 

Circumference 

Protons per Pulse 

Number of Rings/Superperiods 

Circulating Current/Ring 

Revolution Frequency 

Number of Turns Injected 

Betatron Tunes Qr, QY 

Chromaticity Q:, Qk 

Transition Gamma 7t 

1.6 GeV 

1.2 mA 

48 Hz 

(24 to produce spallation neutrons) 

(24 to produce neutrinos) 

265.77 m 

1.5 x lOI 

2/2 
12.6 A 

1.048 MHz 

1048 

5.23, 4.23 

-7.32, -6.76 

8.19 

2. Lattice Design 

The machine lattice functions across half the machine are depicted in 
Fig. 2(a); the maximum dispersion is 5.1 m in the center of an achromat. 
The /?* is 3.0 m at the stripping foil location. The beam halfwidths are 
shown in Fig. 2(h). Th ese sizes were calculated using the expressions 

t = &+ iqZ$i and y = & (2.1) and (2.2) 

with E, = E, = 100 mm-mr and dp/p = f0.003. These values were 
obtained from a study of the injection process. The maximum vertical 
beam size in the dipoles is of order f35 mm. The betatron tunes for 
the whole machine are QZ = 5.23 and Qtl = 4.23. The uncorrected chro- 
maticities dQ,/dp/p = -7.32 and dQ,/dp/p = -6.76. The transition 
gamma 7t = 8.19 so q = 7t2 - r-2 = -0.1217. 
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Fig. 2. (a) Machine lattice functions for 1 superperiod; (b) half beamwidths 

calculated using Eqs. (2.1) and (2.2). The emittances E% and &y are both 

100 mm-mr and dp/p = 0.003. 
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3. Beam Transfers 

A. H- Iniection 

The ring injection takes place via the process H- + H+ in a 250~pg/cm2 
carbon stripping foil. A plan view of the injection region is shown in 

Fig. 3; the four dipoles in the center translate the proton beam 171.5 mm 
to beam left of center at the stripping foil location (call this the center). 
The two fast orbit bumpers are separated by 180’ in horizontal betatron 
phase-they serve to further displace the translated proton beam at the 

foil. The bump starts out at 20 mm left of center and reduces to 10 mm 
during the 1-msec injection period (this time corresponds to 1050 turns). 
After the injection the bumps are rapidly reduced to zero. Referring to 

.Fig. 3, the H- are injected into the second dipole and are nominally 

placed at 25 mm beam left of center, and on axis vertically. 

COMPRESSOR INJECTiON REGION 

Orbit bump and Halo Collimator 

Orbit bump 

conduct Protons 

to Dump 
Stripping Foil I Injected H - 

Extra 
Conversion 
Foil 

Fig. 3. Plan view of the H- injection region. 

Figure 4 shows a closeup plan view of the circulating proton and injected 
H- beams in the region of the four dipole chicane. Unstripped H- or 
partially stripped Ho will exit the third dipole displaced to the outside 
of the proton beam; they will pass through another stripping foil, so as 
to convert to protons, and then be conducted away to a dump. 
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H.- Injection Region 

745 

Distance (m) 

Fig. 4. Circulating proton and injected H- beam envelopes within the four- 

dipole injection chicane. The proton beam geometric emittance is 100 mm- 

mr. The H- injected emittance is of order 2-3 mm-mr. 

B. Fast Extraction 

Beam is extracted from each ring in a single turn and sent in box-car 
fashion to the experimental targets. Timewis’e, first one ring is filled 

in 1 msec and the second ring is filled l/120 set later. They are fast 
extracted together (separated by one revolution time). These processes 
are repeated 48 times per sec. A plan view layout of the extraction 

section is shown in Fig. 5. A 3.5-m ferrite kicker displaces the protons 
into the field region of a 1.5-m d.c. septum magnet from which they are 
conducted to the appropriate experimental area. Referring to Fig. 1, 

beam is extracted on alternate pulses from the two extraction sections 

and sent to the respective experimental targets at 24 Hz. 
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EXTRACTION STRAIGHT SECTION 

Protons 

Septum Kicker 

Fig. 5. Plan view of extraction straight section. 

The horizontal beam envelopes in the extraction straight section are 
shown in Fig. 6; both the circulating and extraction envelopes are shown 
for an emittance of 100 mm-mr. 

I , I I I I I I 
1 

1 , 
1 

t 
I I 

I 

0 10 20 

Distance (m) 

Fig. 6. Circulating and extracted proton beam envelopes in the extraction 

section. The emittance is 100 mm-mr. 
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4. Collimation 

The injection foil is positioned offset to the outside of the machine to 
reduce the number of repeated proton traversals. These traversals cause 

the rms transverse emittance to grow by an amount ,B*@fN(t)/2 where 
p” is the beta function at the foil, 8 is the rms scattering angle for a 
single traversal, and fN(t) is the number of foil traversals in N turns up 
to time t. To minimize the emittance growth we designed for /!I* = 3.0 m 
at the foil and we try to reduce the probability for a traversal (f) by 
locating the foil edge close to the injected H- beam spot. In fact, rms 
emittance growth due to foil scattering is only a few percent. 

Of more concern are the large angle scatters due to nuclear or single 
coulomb scattering in the thin stripping foil. The largest angle we can 
reasonably expect to contain is about 2 mr. The probability for even 
larger scatters is ~7 x 10S6. If we roughly take 25 traversals for the 
average proton, then we would expect for 600 PA 

loss = 600 x 10V6 x 25 x 7 x 10m6 = 105 nA . (4-l) 

This loss would activate each machine downstream of the foil. We plan to 
quickly absorb these large angle scatters in the downstream collimators 

Cl and C2 (see Fig. 1). The collimators are strategically placed 90” and 
180” in betatron phase downstream of the stripping foil, respectively. 
Some adjustment to the actual design would be necessary since an orbit 
bump magnet is coincident with Cr. 

5. Rf System 

The function of the rf system is to (i) maintain a longitudinal gap in 
the beam for lossless extraction and (ii) to produce enough relative mo- 
mentum spread to keep the circulating protons coherently stable. The 
average circulating current is 12.6 amperes in each ring at full intensity. 
With a fundamental rf system, bunching will occur and the peak cur- 
rents can be expected to rise to over 40 amperes; this will surely result 
in coherent instability and beam loss. For these rings I suggest use of 
the rf waveform shown in Fig. 7. The rf voltage is composed of the 
fundamental plus four harmonics 

V(4) = I~J 2 V;: sin(i+) (54 
i=l 
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with the indicated values for Vi. The voltages on the end act like repulsive 
barriers to the beam, hence the name barrier bucket. This waveform 
should maintain a gap in the beam. However, little or no increase in the 
dpjp occurs. We obtain larger dp/p values by just sweeping the energy 
of the injected beam in the last linac module. This sweeping is done 
sinusoidally with two oscillations over the 1 msec injection period. 

A simulation has been performed in order to demonstrate the viability 
of the method. Beam was injected uniformly in rf phase 4 for 141 _< 2.4 

radians-this corresponds to populating ~146 microbunches of the 192 
possible. The dp/p were generated in a Gaussian fashion with up/p = 

0.05%. During injection, the central value of the dp/p varied sinusoidally 
with turn number t as 0.002 sin (2nt/525) (in absolute units). The rf 
voltage of the fundamental VO * VI = 3.5 kV, so the peak voltage of the 

waveform shown in Fig. 7 was 16.9 kV. The projections of C$ and dp/p 
are given in Figs. 8(a) and 8(b), respectively. The gap is maintained in 
Fig. 8 and the rms 4 width is unchanged from the injected value. The 
FWHM of the dp/p distribution is of order 0.5%. 

The required rf voltages are relatively modest at the fundamental and its 
four higher harmonics. Perhaps two cavities will be required. The design 

can be similar to the PSR cavity with its very low R/Q, so beam loading 
should not be a problem. The effects of longitudinal space charge will be 

to decrease the action of the rf cavity, i.e., to fill in the extraction gap. 
Increased rf voltage is necessary to compensate this effect. 

6. Beam Stability 

A. Space-Charge Tune Shift 

The space-charge tune shift is given by 

IAQvl = G, 
2.4 mm - mr N F3/ 

EN 1013BPy2 (6.1) 

where G, is a form factor depending upon the x-y spatial distribution, 
EN is the normalized vertical emittance which contains 87% of the beam, 
and N is the number of circulating protons. The remaining term is 
approximated by 

FY 1.02 

BPyZN 
- + 0.0458 
BPi2 

(6.2) 

where B is the bunching factor, ,0 = PC/E, and y = Ef moc2. 
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Harmonic 3 Barrier Bucket 

V, =0.2067 
-l- 1.5 

V2 = -0.33 1 

v3 =0.333 

y4 = -0.236 
i 

V relative 

.-. -_ b_ 
-* 

I . 

Fig. 7. Proposed rf waveform. The voltage is given by Eq. (5.1). 
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dp/p (23 

Fig. 8. Rf simulation results for 1050 turns of injection. 
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We pessimistically take G, = 2 corresponding to a 2D Gaussian dis- 
tribution. Next, &N is given by E& and we use &y = 40 mm-mr as 
determined in the injection simulations. I assume N = 7.5 x 1013 and 
a bunching factor B = 0.65. With these choices the space-charge tune 
shift is computed to be ]AQ,] = 0.098. 

B. Coherent Stahifitv 

The major coupling impedances are imaginary and due to space charge. 
They are 

(6.3) 

where Ze is the impedance of free space, Ze = 377 ohms, and b/u is the 
ratio of beam pipe to beam radius b/a N 2.67. We obtain ZpJn = i82Q. 
The transverse 

= i2.4 x lo6 R/m . (6.4) 

I chose a = 0.03 m and b = 0.08 m. The average circulating current 
1 = 12.6 amperes and the peak f = 19.4 amperes for the rf system 
contemplated. 

The test for longitudinal stability 

() [ 

Ip> 1 

P - P2ME 

where 77 = rt2 - yS2 = -0.1218. 

ze - 
n 

(6.5) 

I find (dpJp)~w~M > 0.24%. This is easily satisfied by our beam with 

(~P/P)FWHM N 0.5% so the beam will be longitudinally stable. 

The test for transverse stability 

(64 
FWHM 

results in 

]ZL( < 0.2395 x lO”[(n - 4.23) x 0.12 + 6.751 
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If we use 12~1 = 2.4 x lo6 R/m, then we find the machine is stable for 
12 > 31 or frequencies f > 32.5 MHz. Below this frequency the machine 
is unstable with a growth rate given by 

1 -- 
I- 

- & (ReZl) = 2.8 x 10m2 Re(ZL) set-’ . 

For T > 500 psec we need Re(Zl) 5 71 kR/m. This requirement may 
be difficult to meet. However, the beam can be stabilized by simply 
increasing the chromaticity dQ,/(dp/p) to -10 from its nominal value 
of -6.75. 

7. Conclusion 

These high-intensity machines do look feasible. If constructed, they 
would supply 12 times more beam power for producing spallation neu- 
trons than the PSR design. A number of subjects still need to be ad- 
dressed: collimator calculation, tracking, optimization, and a cost esti- 
mate. 

Reference 
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Introduction 

Proton energies of the intense spallation neutron sources currently in operation or 
designed are in the range Ep I 1.1 GeV. Optimization studies of the target station 
have so far been performed for these proton energies. 

The KENS-II project has been included in the Japanese Hadron Facility Project where 
we have to share the proton accelerator, a so-called “First Ring”, with Meson Arena 
for nuclear physics and pSR experiments. The possible highest proton energy for 
this accelerator is 2 GeV, which is the highest among the worlds spallation neutron 
sources. We, therefore, performed some neutronic calculations with 2 GeV protons in 
order to have a good knowledge of the neutronic characteristics and the optimal 
parameters of the target station for KENS-II. 

Target model and calculation codes 

First we considered cylindrical targets and then rectangular pamllelepiped targets. The 
target was a uniform mixture of target metal with coolant and claddingl’l, which was 
similar to the model target used in the optimization study of ISIS21. 

Source neutrons below 15 MeV produced in a target were calculated using the 
NMTC/JAERI code131. Leakage neutrons from a bare target and slow neutrons 
emitted from a moderator were calculated using the TOWTRAN-III41 and MORSE- 
DD151 codes, respectively, coupled with the NMTC/JAERI code. 

Number of source neutrons 

Figure 1 shows the number of source neutrons below 15 MeV produced in the target 
of various materials as a function of proton energy. Here, the length and the radius 
are fixed at 32 and 5 cm, respectively. The proton-beam profile was assumed to be 
cylindrical, 2.35 cm in radius, for simplicity. The results do not include the neutron 
multiplication by low energy nuclear reactions. 

We chose tungsten as a reference material for the non-fissile target because of its 
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relatively high neutron yield and the practicality. In the present study, we performed 
calculations only on two target materials U(uranium) and W(tungsten). 

The number of source neutrons below 15 MeV produced in the target is shown in 
Fig. 2 as a function of target length. The number is saturated at about 16,28,43 and 
50 cm for the proton energies 0.5,0.8, 1.5 and 2 GeV, respectively. 

I I I I I I 
0 05 1.0 1.5 ENERg 

PROTON 
(G:) 3.0 

Fig. 1 Number of neutrons below 15 MeV produced in various targets per proton as 
a function of proton energy. Lines are guides for eye. 

10 
t 

U0.8GeV) 

I I I I I 

0 10 20 
TARGET ::NGTH (4co,, 

50 61 3 

Fig. 2 Number of neutrons below 15 MeV produced in target per proton at various 
energies as a function of target length. Lines are guides for eye. 
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Leakage neutrons 

The number of leakage neutrons from the cylindrical surface of the bare target is 
shown in Fig. 3 as a function of target radius. The target lengths used in this 
calculation were 16, 30, 44, 55 cm for 0.5, 0.8, 1.5, 2 GeV, respectively, which 
gave the saturated neutron yield as shown in Fig. 2. 

U/l.SGeV 

\ U/OJGeV 

o* 
0 2 4 6 8 10 12 

Target Radius (cm) 

Fig. 3 Number of leakage neutrons from cylindrical surface of a target per 2 GeV 
proton as a function of target radius. 

The number of leakage neutrons increases with increasing radius due to the neutron 
multiplication by low energy nuclear reactions such as (n, 2n), (n, f), etc. The 
relative gain of a U-target to a W-target is larger for the number of leakage neutrons 
than for source neutrons. The reason is that uranium has lower threshold energies for 
such reactions than tungsten. The number of leakage neutrons from the cylindrical 
surface decreases at a larger radius, because the leakage from the end surfaces becomes 
significant. 

The number of leakage high energy neutrons above 15 MeV from the U-target is 
plotted in Fig. 4 as a function of target radius for various proton energies. The 
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Fig. 4 Number of leakage high-energy neutrons (En > 15 MeV) per proton as a 
function of target radius for various proton energies. 

intensities decrease with increasing target radius. This is simply explained by the 
attenuation length of the target material for high energy neutrons. The number 
increases almost proportionally to the proton energy taking into account the 
attenuation and the leakage from the end face. 

Leakage neutron spectra from the cylindrical surface of the U-target for 2 GeV 
protons are shown in Fig. 5. The peak value increases and the peak energy decreases 
with increasing radius. The softening of the spectra at the higher energy region is 
due to the inelastic scattering with target nuclei, while that at the lower energy region 
is mainly due to the neutron moderation by the coolant D20 in the target. The energy 
spectra of high energy neutrons above 15 MeV did not show a large difference 
between U and W. 

Slow neutrons 

A model of the target-moderator-reflector assembly is shown in Fig. 6, where two 
reference moderators are positioned above the target for simplicity. The reference 
moderator is rectangular parallelepiped (10 x 10 x 5 cm3) of Hz0 with a B& 
decoupler of cutoff energy 20 eV. The size of proton beam entrance was fixed at 10 
cm in diameter in the calculation. 
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Ep = 2GeV 

NEUTRON ENERGY (MEV) 

Fig. 5 Leakage neutron spectra from the cylindrical surface of a target for various 
target radii. 

The radius is one of the most important design parameters of the target, because the 
coupling efficiency between the target and moderator decreases with increasing target 
radius. Figure 7 shows the target-radius dependence of the slow neutron intensities 
from the moderators for two different proton-beam sixes, 1.25 and 2.35 cm in radius. 
In the calculation the front face of the first moderator is aligned to the target face as 
shown in Fig. 6. It turned out that the optimal target radius which gives the 
maximum intensity is about 5 cm for both targets for the proton-beam size of 2.35 
cm in radius. Present results with 2 GeV protons did not show a significant difference 
to those by Atchison with 0.8 GeV protons. The ratio between the maximum 
intensities of U- and W-targets is about 1.5, which is more or less smaller than the 
case for the lower proton energies. The optimal radius shifts toward smaller values 
for smaller proton-beam sixes. There exists appreciable gain with a smaller proton- 
beam size for U but not for W. This unexpected result could be attributed to the fixed 
size of the proton beam entrance, 
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Be reflector 

Fig. 6 Model of target-moderator-reflector assembly used for calculation. 
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Fig. 7 Slow neutron (En < 0.9 eV) intensities per 2 GeV proton obtained from two 
moderators with U- and W-target as a function of target radius for two different proton- 
beam sizes. Lines are guides for eye. 
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The axial position of moderators on the target is another important parameter to be 
optimized. Figure 8 shows slow neutron intensities from two moderators as a 
function of axial moderator position for two different proton energies. The target- 
moderator configuration is shown in the inset of Fig. 8. Here tbe parameters to be 
optimized are x and d. However, the separation, d, between the two moderators is 
fixed at 5 cm from a practical point of view. The sum of the intensities from the 
two moderators are also shown in the figure. A maximum appears at x=0 cm for 2 
GeV protons and at x=-4 cm for 0.8 GeV protons. The difference reflects the axial 
source neutron distribution in the target shown in Fig. 9 in which we see broader 
features with less increase in the maximum intensity for higher proton energies, The 
slow neutron intensity at the maximum point for 2 GeV protons is about twice that 
for 0.8 GeV protons, so that the gain factor of the intensity per energy is 0.8 for 2 
GeV protons against 0.8 GeV. 

L” 

I E,=2.OGeV 

Fig. 8 Slow neutron (En .C 0.9 eV) intensities per proton obtained from two 
moderators as a function of axial moderator position on the target. Lines are guides 
for eye. 
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Fig. 9 Axial distributions of sub 15 MeV neutrons in target. Broken lines are guides 
for eye. 

Rectangular target 

Next, we consider rectangular parallelepiped targets. We calculated the target width 
dependence on the slow neutron intensity. The dimension of the target is shown in 
the inset of Fig. 10, where the target height is fixed at 10 cm. The sum of the slow 
neutron intensities obtained from tire two moderators with such a target is shown in 
Fig. 10. The gain of neutron intensity by increasing the lateral dimension of the 
target is about 10% for U but there is no gain for W. The reason is that reflected 
neutrons cause additional fission in the U-target but not in the W-target. 

Conclusion 

The fraction of slow neutron intensity versus the proton energy becomes 0.8 for 2 
GeV compared to that for 0.8 GeV, and this is higher than 0.67 calculated for source 
neutrons. The uranium target has a higher neutron productivity, 1.5 times that of the 
tungsten target, even for 2 GeV protons. The target radius and the moderator axial 
position have definite optimal values for 2 GeV protons in spite of the broader 
distribution of the source neutrons in target, and these are essentially similar to the 
results for 0.8 GeV protonst2]. The broad distribution with a little increase in the 
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Fig. 10 Slow neutron (En e 0.9 eV) intensities per 2 GeV proton obtained with U- 
and W-rectangular-parallelepiped-target as a function of target width. Broken lines 
are guides for eye. 

maximum luminosity of source neutrons for 2 GeV protons could make it easier to 
remove the heat load from the target than the case for the same beam-power with 
lower energy and higher proton current. Therefore, we could conclude that the 2 GeV 
protons for KENS-II do not have significant difficulties in producing slow neutrons, 
and that non-fissile material has higher advantages to produce neutrons for higher 
proton energies. Detailed neutronic calculations are now under way to design a 
neutron target station for KENS-II. 

We acknowledge Dr. Y. Nakahara and Dr. T. Nishida for their helpful support in 
NMTC calculations and the stimulating discussions. 
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ABSTRACT: The importance of a coupled cold moderator for small angle 
neutron scattering experiments with pulsed neutrons is discussed in connection 
with a cold neutron source for KENS-II. 

Introduction 

All the cold neutron sources presently in operation at pulsed spallation neutron 
facilities are decoupled moderators for relatively short pulse uses. Small angle 
scattering (SANS) of polarized and unpolarized cold neutrons is one of the most 
important fields of research using cold neutrons-not only in steady sources, but also 
in pulsed ones. However, it is believed that such experiments with a pulsed neutron 
source are not as favorable as with a high flux reactor. In these experiments the 
pulse width from such moderators is short enough for the required wavelength 
resolution, but the time-averaged intensity of cold neutrons is not adequate compared 
with that from a high flux reactor. 

Table 1 compares some important parameters of cold neutron sources at the 
spallation neutron facilities with those at the ILL. Time-averaged cold neutron fluxes 
from the existing pulsed spallation neutron sources are more than two orders of 
magnitude smaller than that from the ILL, and therefore it seems to be difficult for 
those sources to compete with experiments at a high flux reactor in such fields, even 
though we take into account a gain factor (lo-20 as discussed later) in pulsed 
sources, which comes from time structure. As a measure of the efficiency of a cold 
neutron source, here we introduce the conversion efficiency, which is defined as time- 
averaged 4rc-equivalent cold neutron flux on a moderator surface per fast neutron 
emitted from a neutron generating target or a reactor core. It may be obvious from 
the table that the conversion efficiency of a decoupled cold moderator in a large 
spallation neutron source as ISIS is much smaller than that of the ILL, while that of 
a small source as KENS-I’ is higher than that of a high flux reactor. The higher 
efficiency in KENS-I’ is due to the use of solid methane as moderator material and a 
larger coupling efficiency between target and moderator, which is only possible in a 
smaller system. 

As far as neutronics is concerned, it was already proved that solid methane is the best 
moderator material for a pulsed cold neutron source due to higher hydrogen density 
and superior low energy modes compared to liquid hydrogen (Inoue et al., 1983). 
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Table 1. Comparison of world’s cold-neutron-source efficiency 

Neutron Type Power Fast neutron Cold Maxwellian Conversion Remarks 
source yield(nf/s) source integral flux efficiency 

ILL RcZi!XlX 

KENS-l pulsed 

spalhdon 

ISIS Pulsed 
spallation 

SNQ 
!&xk-up 

Qwsi- 
continuous 
spallation 

KENS-II Pukd 
spallaion 

58 MW 

500 MeV 

3@ 
U-l@% 

1.1 GeV 
5mA 

1 GeV 
200 mA 
W-target 

1.8 x lo’*** Liq. D, 5.4 x 10’4 
in 40 rcflccmr 

3 x 10’4 Solid CH, 1.4 x 10” 
decouplzd 
to Be reflector 

3.5 x 10’6 Liq. H, 2.1 x 10’2 
dwuplcd 
to Bo rcflcctor 

6.87 x 10” Liq. Hz 3.1 x IO’” 

coupled Lo 
pRXllod%tlor 
in C reflector 

2.5 x 10’6 ? 1.25 x 10’3 

3x I@4 Achicvcd 

4.8 x 1O-4 AChiWd 

6 x 1O-s talc. value 
p‘cX”L 
Ip= loo@ 

5 x 10-d SIN Exp. 
%. - 80 K (?) 

if same as 
KENS-I 

Relative 
merit is close 
to ILL in D17- 
like exp. 

‘for simplicity we calculated (Maxwellian integral&) instead of (cold neutmns/nf) 
**assuming one useful newmn per fission 

This moderator, however, cannot be used at intense spallation neutron sources 
because it suffers from serious radiation damage (a so-called “burp” phenomena). 
ISIS has proved that liquid methane is still useful even at a beam current, 100 &4 of 
800 MeV protons. This moderator, however, is not for providing higher flux of cold 
neutrons but just narrow pulses of thermal and epithermal neutrons. 

There is no doubt that liquid hydrogen is at the present time the only proved material 
for a cold moderator which can be used as an intense cold neutron source, but the 
conversion efficiency of a decoupled liquid hydrogen moderator is too low. Kiyanagi, 
et al., studied various decoupled liquid hydrogen moderators and compared those with 
a reference decoupled solid methane moderator (5 cm thick) (Kiyanagi, et al., 1986). 
The conversion efficiency was increased up to 50% of that of the reference moderator 
by increasing the thickness of liquid hydrogen to 15 cm, but still not enough. 

It is strongly desired that SANS experiments in KENS-II, which may not be as 
favorable as epithermal neutron scattering, must be a close second to D 17 at the 
ILL, Grenoble, even if we cannot catch up to them. This requires that the conversion 
efficiency in KENS-II must be, at least, as large as that of the present KENS-I’, or 
hopefully much better, since the total number of fast neutrons expected from KENS- 
II is the same order of magnitude of ISIS. A composite moderator, which consists of 
the mixture of solid methane and liquid hydrogen, has been proposed but it is still in 
the stage of idea. A coupled moderator, especially a heterogeneous moderator that 
consists of a relatively small (or thin) liquid hydrogen moderator and a premoderator 
at room temperature, will be the shortest and most promising way to obtain higher 
efficiency. 



COM source for KENS-II 765 

Coupled moderator 

A coupled moderator has the following advantages compared to a decoupled 
moderator 

(i) higher time-averaged flw of cold neutrons; 
(ii) lower energy deposition in the moderator (lower power density as well as 

lower total power); 
(iii) consequently, lower cost for cryogenic system; 
(iv) no need of super critical hydrogen (less severe safety regulation and higher 

safety factor); 
(v) lower leakage of fast and high-energy neutrons from neutron beam tube due 

to larger distance between target and moderator, consequently, lower cost 
for shielding around neutron beam lines and spectrometers; 

(vi) better signal to background ratio. 

Longer pulse width from such a moderator is still short enough for SANS 
experiments but gives poor energy resolution in some classes of spectroscopy as 
those with LAM-80 at KENS-I’ and IRIS at ISIS, where the resolution is directly 
determined by the pulse width. This is only one disadvantage of a coupled moderator. 
On the other hand, in other classes of high-resolution experiments, the longer pulse 
width becomes an advantage. For example in an inverted geometry back-scattering 
spectrometer with a pulse-shaping chopper, the resolution is determined by chopper 
pulse width, but the dynamic range of energy transfer covered by a spectrometer 
becomes wider proportionally to the pulse width of source neutrons. Another 
example is a direct-geometry Doppler instrument where the longer pulse width but 
higher time-averaged flux gives higher luminosity at sample position for a given 
energy resolution. 

Kley proposed a heterogeneous cold moderator consisting of ZrH, or I$0 at room 
temperature and of liquid parahydrogen at 20 K as a cold neutron source of a repetitive 
fast pulsed reactor SORA (Kley, 1971). Batter, et al., performed measurements on 
such moderators as a part of an experimental program for optimizing the cold 
moderator for SNQ, the German spallation source, and showed that coupled 
moderators of liquid hydrogen (both normal and para) with H,O- premoderator in a 
graphite reflector provide fairly large efficiency as shown in Table I (Bauer, et al., 
1985). The value is about 10% lower than that of liquid hydrogen in a D,O reflector, 
but the peak flux is higher than the latter. 

Their results encouraged our developing program on a coupled moderator for KENS- 
II. However, they found a serious problem, that the effective neutron temperatures 
from those coupled moderators are unexpectedly high, T,-80K. We cannot 
understand the reason why, but it seems to be a fatal disadvantage to this kind of 
moderator if it is true because the gain factor relative to a decoupled moderator 
becomes lower at longer wavelength. They suggested that experiments on a coupled 
liquid deuterium moderator in a large DzO moderator-reflector will give a larger gain 
factor at longer wavelength region. 
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Preliminary experiments on coupled moderator 

We have performed preliminary experiments on a coupled moderator. The results are 
reported in a separate contribution in this workshop (Watanabe, et al., 1988). Our 
results are very encouraging and summarized as follows: 

0) 

& 

(iv) 

Effective neutron temperature TN is reasonably low and almost the same 
as those of a bare liquid hydrogen moderator and of a decoupled one in a 
graphite reflector. The results are essentially different from those by Bauer, 
et al. 
Gain factor of the coupled moderator increases at lower wavelength. 
Gain factors of coupled liquid hydrogen moderators, especially with 
polyethylene premoderator, are significantly (more than 5 times) higher 
than a decoupled one. 
Pulse widths in full width at half maximum from coupled moderators are 
not so broad compared to those from a decoupled one; about two times. 
The values are by only 1.5 times as long as those of the present solid 
methane decoupled moderator at KENS-I’. 
Consequently, the peak height of the neutron pulses is significantly higher 
than that from a decoupled one. 

In the present preliminary experiment, the fast neutron source was not a spallation 
one but an electron-induced photo-neutron source, and the top parts of the 
premoderator and the graphite reflector were missing due to the use of a relatively 
large cryostat that was not optimized for this purpose. Therefore, the estimation of 
the absolute conversion efficiency of the present coupled moderator is difficult, but 
we can discuss the relative gain. The relative gain factor of the present coupled 
liquid-hydrogen moderator with premoderator to the 5-cm-thick decoupled liquid- 
hydrogen moderator was more than five. On the other hand, the previous experiment 
(Kiyanagi, et al., 1986) showed that the relative gain factor of a 5-cm-thick decoupled 
liquid-hydrogen moderator to a reference decoupled moderator of 5-cm-thick solid 
methane at 20 K was about one third. This suggests that the gain factor of the 
present coupled liquid-hydrogen moderator with premoderator is superior to that of the 
reference solid methane, i.e., there may be a possibility that we can realize higher 
conversion efficiency than that of the present KENS-I’, even taking into account a 
lower coupling efficiency between target and moderator in a larger system of KENS- 
II. 

Relative merit for SANS 

Here we discuss the relative merit of a pulsed cold neutron source to a high flux 
reactor reactor in SANS experiments. The intensity I of a neutron beam at a sample 
position is proportional to the phase space density (Maier-Leibnitz, 1966), and for a 
Maxwellian distribution given by 
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where $ is the time-averaged neutron flux in the Maxwellian at the moderator, m the 
neutron mass, k, the z component (beam direction) of the momentum of interest, kn 
the Boltzman constant, TN the neutron effective temperature. 

Although TN in a pulsed cold neutron source is different from that in a high flux 
reactor, we assume for simplicity that the TN’s for both sources are the same. This 
assumption is not so bad when we compare the measured energy spectrum in our 
preliminary experiment on a coupled cold moderator for KENS-II (preceding section) 
with that of the ILL cold neutron source. In a reactor experiment, the data acquisition 
rate is proportional to I at a fixed k, while in a pulsed experiment it is proportional 
to the integral of I over the useful band width Ah of incoming neutrons. The non- 
overlapping useful band width in angstroms is, as well known, given by 

Ah = 3.96 x 103/(fL), 

where f is the repetition rate, L the flight path length between source and detector in 
meters. If we assume that we can realize a conversion efficiency in KENS-II as high 
as that in the present KENS-I’, we have a time-averaged cold neutron flux of 
$ = 1.25 x 1Ol3 nJcm%ec as listed in Table I, which is about a factor of 40 smaller 
than that of the ILL high flux reactor. . 

On the other hand, in a pulsed source we have an extra gain that comes from time 
structure (useful band width). Here we consider a D17-like experiment at the ILL or a 
SANS-like experiment at KENS (a Dl l-like experiment with a pulsed source seems 
to be difficult). We concluded that the total flight path length of 13 m or hopefully 
10 m will be possible, which gives the useful band width 6 A or 7.9 A for f = 
50 s-1, The gain is given by 

Gain = I$‘?‘? dh/hllWQ reactor. 

‘Ibe denominator is the wavelength resolution in a reactor experiment, which is about 
0.1. 

If we assume that neutrons in the wavelength region between 1 and 7 8, (corresponds 
to Ah = 6 A) or 1 and 8.9 (corresponds to Ah = 7.9 A) are useful, we have 

Gain = ln (7/Q/0.1 = 19.5 
or In (8.9/1)/0.1 -22. 

If we assume that neutrons only in a longer wavelength region, for example, between 
4 and 10 A or 4 A and 11.9 A, are useful, we have a gain of 9.2 or 10.9. Thus the 
gain from pulse structure is 10 -20. This means that the relative merit of KENS-II 
to the ILL in a D17-like experiment is l/2 or l/4, assuming that time-averaged 4x- 
equivalent flux of KENS-II is about a factor of l/40 smaller than that of the ILL. 

Since our preliminary experiment on a coupled moderator has given indication of 
higher conversion efficiency than the present KENS-I’, a D17-like experiment with 
KENS-II is expected to be a close second to that with D17 at tbe ILL. It may be 
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well recognized that there exists another merit in a pulsed neutron experiment-much 
wider momentum range simultaneously covered by larger AI. 

Relative merit of a coupled cold moderator in an application other than SANS will be 
discussed elsewhere. 

Moderator configuration 

The total number of useful cold neutrons that can be extracted from one cold 
moderator or total number of cold neutron beam lines (direct beam holes and neutron 
guide tubes) that can view one cold moderator will be another important figure of 
merit of a cold neutron source. The maximum angular opening of one cold neutron 
moderator in a target-moderator-reflector assembly will be limited to a certain value, 
typically about 0.5 radian, because a much larger opening removes a significant part 
of the reflector and, consequently, sacrifices the beam intensity. The total number of 

Target 
Proton beam 

_I__ 

Premoderator 

Fig. 1 A modified slab geometry for KENS-II cold neutron source. 
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neutron guide tubes accessible within this angle is, therefore, limited to about 10, 
assuming the distance between the moderator and the beginning of the guides to be 
about 1.5 m and the inner (outer) width of the guide about 5 cm (7.5 cm). This 
number is to be compared with that in a high flux reactor, where the number of 
guides extracted from a cold moderator is typically 5, but ultimately increased by 
about 3 times in the experimental hall. The growth in number is possible only in 
the case that the height of the moderator view-surface as well as the height of the 
guides at the inlet is as high as those in the high flux reactor at the ILL (about 15 
cm). In pulsed spallation facilities the height is limited to about 5 cm because the 
cold moderators are coupled to the target in the wing geometry where the spatial 
distribution of cold neutrons has a peak at about 3 cm from the target-side end with 
rapid exponential decrease towards the oposite end 

A slab geometry in target moderator configuration will be a possible way to increase 
the bright zone on the view surface of the moderator. Generally, the slab geometry is 
susceptible to background fast neutrons and brings an extremely high dose equivalent 
rate around a neutron beam line. In order to improve this shortcoming, a modified 
slab geometry as illustrated in Fig. 1 shall be studied further. In this geometry no 
beam tube within the opening angle of about 30” views the target directly and a 
bright area about 10 cm wide by 15 cm high may be realized. Such a configuration 
will increase the capability for cold neutron usage in a pulsed spallation neutron 
facility. 

We are thinking to adopt decoupled moderators for short pulse uses as usual which 
may be a liquid methane moderator and light water moderator(s). An optimal target- 
moderator-reflector configuration including a coupled moderator as shown in Fig.1 is 
under consideration. 
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ABSTRACT: Some investigations are performed for the calculational model 
of nuclear spallation reaction in the evaporation process. A new version of a 
spallation reaction simulation code NUCLEUS has been developed by 
incorporating the newly revised Uno & Yamada’s mass formula and extending 
the counting region of produced nuclei. The differences between the new and 
original mass formulas are shown in the comparisons of mass excess values. 
The distributions of spallation products of a uranium target nucleus bombarded 
by energy (0.38 - 2.9 GeV) protons have been calculated with the new and 
original versions of NUCLEUS. In the fission component Uno & Yamada’s 
mass formula reproduces the measured data obtained from thin foil experiments 
significantly better, especially in the neutron excess side, than the 
combination of the Cameron’s mass formula and the mass table compiled by 
Wapstra, et al., in the original version of NUCLEUS. Discussions are also 
made on how the mass-yield distribution of products varies dependent on the 
level density parameter a characterizing the particle evaporation. 

Introduction 

In the nuclear spallation reaction of a heavy nucleus bombarded by high-energy 
protons, almost all kinds of nuclides are produced due to the vehemence of the 
reaction. Although most of them will decay to stable nuclides in a short time, it is 
very important in the research of the transuranic waste transmutations that the 
accumulation of nuclides with long lifetime can be estimated as accurately as 
possible. 

In the assessment of the feasibility of the idea of transmuting the transuranic wastes 
by using spallation reactions, it is necessary to show that the storage time of 
transuranic wastes can be significantly shortened from the practical point of view. It 
is very interesting and important, also, from the pure nuclear physics point of view 
to investigate the details of spallation reaction and the decay mechanism of a strongly 
excited nucleus. 

In our previous Monte Carlo calculations performed by using the NUCLEUS codelll, 
the spallation reactions of a uranium nucleus were studied for incident proton energies 
of 0.38, 1,2, and 2.9 GeVW. It has been found that in the comparisons of charge- 
dispersion curves, the agreements are not satisfactory enough with the measurements 
reported by G. Friedlander, et al.,W in particular, for the neutron excess wings of the 
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curveslll. The computational scheme employed in the NUCLEUS code is essentially 
the same as that of the NMTC/JAERI code141, except that NUCLEUS simulates only 
the intra-nuclear cascade and the competition between high-energy fission and particle 
evaporations. In both codes, the binding energies of particles emitted during the 
reaction are calculated with the combined use of the Cameron’s mass formula and the 
mass table compiled by Wapstra, et al., in the same way as in the original NMTC 
code151. Uno and Yamada have developed a new mass formula by utilizing recent 
experimental mass data to predict masses of unknown r&ides far from stability with 
greater reliability t61. In the nuclear spallation a lot of nuclides, which often appear far 
apart from stability, are produced. This fact suggests that the use of the new mass 
formula will improve the accuracy of our calculations. 

A new version of NUCLEUS has been developed by incorporating the newly revised 
Uno & Yamada’s mass formula. The mass formula dependence of spallation product 
distribution has been investigated by using both the original and new versions of 
NUCLEUS. In the calculations both with the original NUCLEUS and 
NMTC/JAERI, some product nuclides near the neutron or proton drip line are often 
lost in counting the Monte Carlo events because of dimensional restriction in the 
code and the repulsion criterion for the events outside the current nuclide chart These 
restrictions are removed in the new version of NUCLEUS to avoid the counting loss 
of nuclides which are unknown as yet experimentally. 

On the other hand the isotope distribution of reaction products is examined for the 
nuclear spallations of a TRU nucleus of 237Np with 500 MeV protons. It is also 
shown how the distribution and the number of emitted particles are affected by the 
variation of the level density parameter a characterizing the evaporation probability in 
a highly excited compound nucleus. 

Theoretical model of nuclear spallatlon reaction 

A nucleus bombarded by a sufficiently energetic particle, such as a proton with the 
energy of hundreds to thousands MeV, undergoes a complicated destruction process, 
i.e., so-called spallation. For simulating the spallation reaction we use the two-step 
model, which consists of the intranuclear cascade and the subsequent competing decay 
by the high-energy fission or particle evaporation. When a high-energy particle is 
injected into a heavy nucleus, the intranuclear cascade of nucleons, pions and 
knocked-on particles are computed as the fast step of the nuclear reaction. In the 
present model a nucleus is assumed to be a sphere of a degenerated Fermi gas, in 
which the two-body collision model171 gives a good approximation to the collision 
processes during the intranuclear cascade in the energy range higher than about 100 
MeV. The characteristics of nuclear matter are determined by the distributions of 
nucleon density, momentum and potential energy. Pion production cross sections are 
calculated using the Isobar model[*l. 

At the instant when the intranuclear cascade has ceased, the residual nucleus remains 
in the strongly excited state of the excitation energy as high as hundreds MeV. In the 
slow step this excited nucleus decays selecting the path to the particle evaporation or 
the nuclear fission as the subsequent process according to the fission probability 
based on the Bohr-Wheeler theory with the level density parameterst91 fitted to Ilinov’s 
experimental datatlO]. A semi-empirical combination of the Gaussian and folded- 
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Gaussian distributions is used to determine masses of fission fragments, and their 
charges are selected from the Pik-Pichak & Strutinskii distribution.[p~ 111 

The evaporation is calculated for neutron, proton, deuteron, triton, helium-3 and 
alpha particle emitted from an excited residual nucleus or excited fission fragments, 
using the Weisskopf model, which is based on the statistical theory for a degenerate 
Fermi gas. 

The evaporation probability P, of a particle x with the kinetic energy E from the 
excited compound nucleus is given as 

P, = 

s,: 
m,: 
crcx: 
E: 

o(E): 

Wx + 1) m, e ccx (~1 NW, 

particle x’s spin 
particle x’s mass, 
inverse reaction cross section, 
(excitation energy of compound nucleus) 44, 
Q, = particle x’s binding energy, 
level density in a nucleus with energy E, 

where e@) is formulated by Hurwitz and Bethe as the following: 

0 Q=oaexp (26@75), 

: 
level density parameter, 
pairing energy correction, 

A: mass number of a compound nucleus. 

The binding energy is given as the function of the mass excess, defined as 
M(A,Z) = M - A, where M and Z are the mass and the atomic numbers, respectively. 
If we define the mass number, atomic number and mass excess of the particle x as 
AEP(x), ZEP(x) and EXMASS(x), the binding energy Qx, is calculated by the 
following equation: 

Q, = M(A - ABP(x), Z - ZEP(x)) + EXMASS(x) - M(AcZ). (1) 

In the present work we adopted two different mass formulas, Cameron’sl12l and Uno 
& Yamada’s113* 141, to examine their effects in the Monte Carlo simulation of nuclear 
spallation reactions. The difference between Cameron’s old and Uno & Yamada’s 
new mass formulas is attributed to those methods used to fit shell energy terms to 
measured data for selected nuclei and to data themselves. 

Similarly the spallation products of both residual nuclides and some particles from an 
actinide nucleus bombarded by high energetic protons are examined by evaluating the 
contribution of level density parameter a to the evaporation calculation. The value of 
u was determined to be A/10 and A/20, in fitting the measured data by Dostrovsky, et 
al., Barashenkov, et al., and Chen, et al. In the simulation code NUCLEUS, the 
Le Conteur’s equation is employed as follows: 
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. 

a,f!(l+y(A-2Z);, 
B 

A2 (2) 

where B is 8 MeV and y 1.5. This equation gives A/7.7 _ Af7.4 to the value of a for 
the nuclides with the mass number more than 200. 

Results and discussions 

It is generally known that the products yielded in the nuclear spallation reaction 
consist mainly of residual nuclei in the evaporation stage of nuclear reaction. In the 
computer simulation, the precision of the mass formula is crucial in getting good 
results. To make clear how important the mass formula is in predicting the 
spallation-product distribution, we have performed the calculations of evaporated 
particles, using two mass formulas, i.e., Cameron’s and Uno & Yamada’s, and 
compared the results with measured data (reported in Friedlander, et al’s papert31) for 
the spallation of a uranium nucleus bombarded by protons from 0.38 to 2.9 GeV. In 
the integral kind of data, e.g., the number of emitted particles and the mass 
distribution of reaction products, there are no remarkable discrepancies between the 
results obtained with the use of the two mass formulas. 

The numerical values of mass excesses of nuclides calculated by both mass formulas 
are plotted in Fig. 1 for isotopes of each element with even Z from 92 down to 30. 
As seen in Fig. l(a) for Z = 92 - 86, these parabolic curves are in the positive side 
and in a good agreement with each other; whereas, for Z = 84 - 72, the old 
Cameron’s formula gives values larger than Uno & Yamada’s formula in the neutron 
deficient side, and the discrepancy turns out to be more than 8 meV for a nuclide with 
Z = 82, A = 183. In the range from Z = 70 to Z = 52, where the mass excesses have 
deeply negative values as seen in Fig. l(b), both curves are in better agreement than 
in the other ranges. Their maximum discrepancy is only less than 3 MeV for the 
neutron deficient nuclides apart from the stable nuclide line. In this case, the new 
formula has values larger than the old one. In the lighter mass range for 
Z = 50 - 30, the curves approach positive values again as Z decreases (see Fig. l(c)). 
The new mass formula has larger values for almost all isotopes than the old, and 
their difference becomes larger than 9 MeV, especially at the edge of the neutron 
deficient side. 

The distribution of produced nuclides on a neutron number versus proton number 
plane, the (N, Z) plane, gives us the clear image of their decay schemes. Figure 2 
illustrates the region where the Monte Carlo events corresponding to spallation 
fragment productions are counted. The region between the fine lines with blackened 
circles is the counting region allowed in the NMTC code and adopted also in the old 
versions of NMTC/JAERI and NUCLEUS. Monte Carlo events that happen to be 
outside the region are discarded as unphysical events. Through our experiences in 
computing the spallation reaction of a heavy nucleus, such as a transuranic nuclide 
with high energy protons, we have noticed that the number of discarded events would 
not be so few as to be allowed, considering the real possibility of the existence of 
nuclides unregistered on the chart. So we have extended the (N,Z) region to eliminate 
count losses of the events. The bold lines represent the extended region incorporated 
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Fig. 1 Mass-excess distributions calculated by Cameron’s and Uno & Yamada’s 
mass formulas for elements with even Z: (a) 92 u 72, (b) 70 * 52, and (c) 50 _ 30. 
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in the new version of the NUCLEUS code. These restricted and extended regions 
forming a band shape have widths of 31 and 61 nuclides in the N direction, 
respectively. The line with open squares represents the domain where nuclides were 
produced actually in the extended region in the spa&&on calculation of a uranium 
target nucleus for 1 GeV incident protons. As seen from Fig. 2, the domain of 
produced nuclides extends outside the old region. The nuclides on neutron deficient 
(N > 80) and neutron excess extreme sides (75 > N > 45) had been lost in the old 
calculations. The triangle A denotes a stable nuclide. The line marked by cross (x) 
representing the boundary within which there exist nuclides listed in the current Chart 
of Nuclidest15] is depicted for reference. The straight lines in the figure will be 
explained later. 

lO@ 

75 

N 

50 

25. 

0. 
t 

Fig. 2 Regions for spallation nuclides to be counted on the neutron number (N) 
versus the proton number (Z) plane. 

The yields of spallation products for 1 GeV protons impinging on a uranium 
nucleus, calculated with the old mass formula and the restricted counting region and 
accumulated over the mass number range from 125 to 140, are plotted in Figs. 3(a), 
(b) and (c) to compare our simulation results with the measured dataW The lack of 
smoothness in the calculated histogram shows that the number of histories (50,000 
protons) in the Monte Carlo calculation is not sufficiently large to obtain the fine 
distribution of product yields. The mean value of N/Z for stable nuclides in this 
mass range is about 1.4. A double-peaked distribution at energies above 1 GeV, 
corresponding to the neutron-excess and neutron-deficient nuclides, could not be 
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Fig. 3 Spallation-product yields for A = 125 - 140 versus N/Z for a uranium nucleus 
obtained by using the old version of NUCLEUS. The curves show the measured 
values131 and the blackened square (a) 0.38 GeV, (b) 1 GeV, and (c) 2.9 GeV. 
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reproduced correctly by the calculations. However, the distributions on the side of 
lower N/Z values are in agreement with each other. Discrepancy is remarkable at the 
neutron-excess side (NE > 1.5). 

To see if the discrepancy can be improved by using the new mass formula, we 
performed the same calculations for three cases of (a) the old mass formula and 
nuclide region, (b) the old mass formula and the extended region, and (c) the new 
mass formula and the extended region. Prior to discussing the results shown in Fig. 
4, let us examine Fig. 2 again. Two parallel lines drawn from the upper left side to 
the lower right side denote the mass number range of 125 - 140, used for getting 
cumulative yields. The straight lines drawn radially from the origin have each value 
of N/z written in the figure. The minimum value of N/Z, below which spallation 
nuclides are scarcely produced, may be considered to be 1.2. The domain surrounded 
by the parallel lines and the two radial lines with N/z values of 1.5 and 1.6 exists in 
the restricted region. Therefore, in the present calculation the reason for variation of 
yields of produced nuclei in this domain may be purely attributed to the selection of a 
mass formula. The computational results with the old mass formula (Figs. 4(a) and 
(b)) show the lack of some nuclides with the N/z values larger than 1.5. The use of 
the new formula (Fig. 4(c)) has just resulted in redistributing the nuclides and 
produced the double-peaked distribution. 

These spallation products with mass A = 125 - 140 obtained by using the new mass 
formula are plotted also in Figs. 5(a), (b) and (c) for the proton energies of 0.38, 1.0 
and 2.9 GeV to compare our simulation results with the measured datat3]. Both 
calculated and measured product distributions are in a good agreement in the whole 
range of N/z from 1.2 to 1.6, except in the case of 0.38-GeV protons. A double- 
peaked distribution in the curve representing the measured data at energies above 1 
GeV, corresponding to the neutron-excess and neutron deficient peaks, has been 
reproduced successfully by the present Monte Carlo calculation using the new mass 
formula. Quantitatively speaking, however, there are some discrepancies between our 
calculations and the measured data. The reasons of discrepancies may be attributed to 
both the experimental data processing and the computational methods. The portion 
of the experimental curve beyond the peak on the neutron-excess side does not show 
the measured data, but is the plot of values extrapolated by using the measured 
cumulative yields. The left tail of the distribution is also the extrapolation, except in 
the case of Fig. 5(a) where it is apparent the amount of neutron-deficient nuclides 
becomes relatively larger systematically in the calculation in comparison with the 
measurement, in spite of use of the new mass formula. This fact reminds us that it 
may be necessary to examine the consistency between the mass- and charge- 
distribution probabilities used in the Monte Carlo sampling of the fission fragments, 
because the former has been derived semi-empiricallyt9j and the latter is the theoretical 
one based on the statistical model of the fission.tlll 

Figure 6 shows the isotope distribution of product yields, calculated with the same 
conditions as in the cases shown in Figs. 4(a), (b), and (c), for elements with even Z 
from 92 down to 84, close to the uranium nucleus bombarded by a 1 GeV proton. 
As seen from these figures, a comparatively large amount of neutron-deficient 
nuclides are produced from the intranuclear cascade and evaporation processes. The 
peak for each element appears in the neutron-deficient side, far from the stable 
isotopes that exist in the right tail of each distribution, except a target uranium. Due 
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Fig. 4 Spallation-product yields for A = 125 _ 140 versus N/Z for a uranium nucleus 
bombarded by 1 GeV protons. The computation was carried out for three cases of (a) 
the old mass formula and region, (b) the old mass formula and the extended region, 
and (c) the new mass formula and the extended region. 
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Fig. 5 Spallation-product yields for A = 125 - 140 versus N/Z for a uranium nucleus 
obtained by using the new mass formula and the extended region (a) 0.38 GeV, (b) 1 
GeV, and (c) 2.9 GeV. 
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Fig. 6 Mass-yield distributions of products with even 2 from 92 to 82 in the nuclear 
spallation reaction of a uranium nucleus with a 1 GeV proton for the same cases (a), 
(b), and (c) as in Fig. 4. 
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to their short half-lifetimes, most of them will change to stable nuclides in due time. 
As for uranium isotopes, there is a sharp peak at A = 237 and it is higher by an order 
than other element peaks. In Fig. 6(a), the tail of a peak for each element is cut off 
in the neutron deficient side because of the artificial limitation in counting the 
corresponding Monte Carlo events. Then we find that for the case of (b), 
corresponding to the use of the old formula and the extended region, the count loss 
has just been recovered and the tail of peaks appears in the reasonable form. By the 
use of the new mass formula and the extended region, the corrected peaks have 
become wider than the ones in the case of (b), as seen in Fig. 6(c). As pointed out 
by Sato, et a1.,ti61 more unconfirmed kinds of nuclides outside the Chart of the 
Nuclides in our calculations can be considered reasonable and the region of counting 
the Monte Carlo events should not be restricted. 

On the other hand, the spallation products of both residual nuclides and some 
particles from 237Np nucleus bombarded by protons of 500 MeV are examined by 
evaluating the contribution of level density parameter a to the evaporation 
calculation. The number of particles evaporated from the non-fission component of 
products is calculated for the parameter values between A/30 and A/5. Table 1 
summarizes ratios of the number of each particle for five parameter values to one 
calculated by the Le Contour’s equation, where a figure in the parenthesis represents 
the number of evaporated particles. It is apparent that the yields of neutrons and 
protons decrease by -30% as Q decreases to A/20 - A/30, but increase by 10% with a 
= A/5. For other particles, the inverse tendency is seen and their yields have wider 
tolerances than in cases of protons and neutrons. The number of total nucleons 
evaporated from an excited compound nucleus is almost the same in each case. In 
Fig. 7, the distributions of isotopes of the non-fission component are shown with 
odd atomic numbers Z = 93 - 83 for a = A/30, A/20, A/10, and A/5. As seen from 
these figures, a lot of neutron-deficient isotopes are produced for each element, except 
the target element. When a decreases from A/5 to A/30, the shape of neptunium 
distribution (Z = 93) in the neutron-deficient side varies from a subsidiary peak to a 
steep slope. The tail of the protactinium (Z = 91) peak in the neutron-excess side 
shrinks and the peaks width becomes wider. The height of the bismuth peak (Z = 
83) increases by about one order. Therefore, to calculate exactly the product yield of 
transmuted’nuclei, it is necessary that the value of the level density parameter is 
reasonably fitted to measured data. 

Table 1 Ratios of particles emitted from a neptunium-237 nucleus bombarded by 
protons with 500 MeV in the non-fission component. 

Level Density Le Countour 
Para. a 

Proton 
A/30 Al20 A/10 (A/7.7-A/7.4) A/5 
0.70 0.71 0.89 1. (1.572) 1.12 

Neutron 0.68 0.77 0.95 1. i7.412j 1.08 
Deutron 2.30 1.95 1.17 1. (0.233) 0.47 
T&on 4.61 3.47 1.52 1. (0.085) 0.39 
Helium 3 11.92 6.72 1.61 1. (0.0036) 0.17 
Alpha 2.68 2.24 1.17 1. (0.121) 0.37 
NucleonsIP 0.95 0.96 0.98 1. (10.200) 1.01 
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Summary 

To make evaluations of theoretical models for the nuclear spallation reaction, a 
simulation code has been modified and a new mass formula has been used to improve 
the precision in the Monte Carlo calculations. From the analyses of calculated 
results, we conclude as follows: 

1. 

2. 

3. 

4. 

5. 

For nuclides with atomic numbers larger than 70, mass excesses calculated 
by Cameron’s mass formula are greater than those by Uno 8z Yamada’s 
formula; whereas, the reverse tendency is seen for numbers smaller than 70. 
The results show that distributions of produced nuclei have natural patterns 
from a physical point of view when the artificial restrictions are removed in 
counting the nuclide production events. 
The new mass formula can reproduce fairly well the experimental product 
yield distributions, especially in the neutron excess side. 
It is found that the old mass formula gives lower estimation of the number 
of produced nuclei than the new one, especially in the nuclide region far 
from the stable nuclide line on the nuclear chart. 
The reasonable estimation of the level density parameter is important to 
calculate the product yield of transmuted residual nuclides. 
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ABSTRACT: As a preliminary optimization experiment on the cold-neutron 
source for KENS-II, energy and time distributions of cold neutrons emanating 
from coupled liquid-hydrogen moderators with and without a premoderator in a 
graphite reflector were measured and compared with those from a decoupled 
liquid-hydrogen moderator. The results showed that the energy spectra from 
the coupled liquid-hydrogen moderators are almost the same as those from a 
decoupled one. Relative gain of the former to the latter is fairly high, more 
than 5, and further increases with increasing wavelength. The broadening of 
the neutron pulse width in coupled moderators at the cold-neutron region is not 
so significant and only 1.5 times compared to the solid methane moderator 
presently operated at KENS-I’. 

Introduction 

Development of a high-intensity cold neutron source is one of the most important 
R&D programs for KENS-II, the next generation pulsed neutron source in Japan. 
We are aiming at the realization of one order of magnitude higher beam intensity of 
time-averaged cold neutrons than ISIS with the nearly same proton beam intensity. 
The reason why we need it and a philosophy for the cold-neutron source in KENS-II 
are described in a separate contribution (Watanabe). As a first step of this program 
we decided to study coupled liquid-hydrogen moderators with a graphite reflector. 

Bauer, et al., have already performed measurements on such a system and reported a 
fairly large gain with a premoderator but an unexpectedly higher value of the effective 
neutron temperature TN. Higher gain is the most important advantage of this kind of 
moderator, but higher TN is a fatal disadvantage. Since we could not understand the 
reason why they observed such high TN, we planned to perform careful measurements 
of energy spectra from these systems. In the present paper we report the measured 
results on energy and time distributions from a liquid-hydrogen moderator with and 
without premoderators in a graphite reflector. 

Experiment 

The electron linac at Hokkaido university was used as a neutron generator for the 
present optimization experiment. A target-moderator-reflector assembly is shown in 
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Fig. 1. The neutron generating target is a lead block of the dimensions shown in the 
figure. Energy and time-averaged electron beam current were 45 MeV and 60 nA, 
respectively, with a repetition rate of 47 Hz. The electron beam power was 27.5 W, 
which corresponds to the fast neutron production rate of 6.9 x lOlo nr/sec, assuming 
that the neutron yield from a non-fissionable heavy metal target is 2.5 x 1012 
n&xc/kW for this electron energy. 

Side View 
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/ 
View Surface 

Top View 
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(Polyethylene) 

Cryogenic Void 

31 120 

Fig. 1 Schematic representation of the target-moderator-reflector assembly used in 
the present experiment. 
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The cold moderator under study is liquid hydrogen, 12 cm wide x 12 cm high x 5 cm 
thick condensed in an aluminum container cooled by circulating low temperature 
helium. We initially performed measurements on a 5-cm-thick hydrogen moderator 
for convenience because it has already been shown that the gain factor of a coupled 
hydrogen moderator is not sensitive to the moderator thickness (Bauer, et al.) 
Polyethylene plates were used as the premoderator and the relative gain of the cold 
neutron beam intensity was measured as a function of the premoderator thickness. 
The target and the moderator were covered by a graphite reflector of the dimensions 
shown in Fig. 2, which has only two holes for the electron beam entrance and the 
neutron beam extraction. Figure 2 shows the layout of the experimental set-up. A 
helium-3 gas proportional counter of 1 inch in diameter and filled to 10 atoms. was 
used as a neutron detector. The detector was shielded by a sufficient amount of B& 
and borated resin. The detector was placed at about 6 m from the spectrum source 
for measurements of energy spectra by time-of-flight (TOF). In the case of the time 
distribution measurements, a crystal analyzer system shown in the figure was used. 
A mica crystal was used as analyzer crystal with Bragg angle 2% = 160’ to obtain the 
required time resolution. 

A Premoderator 
i (Polyethylene) 

- Target 

5.52m \ Reflector 
1 (Graphite) 

3He Collimator Collimator 
Counter (Cd 20x30) (Cd 60x60) 

(Mica) 

Fig. 2 Layout of the experimental set-up. The lower figure of the detecting system 
shows the crystal analyzer system used in the measurements of time distribution. 
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At the neutron beam exit of the target-moderator-reflector assembly, a beam slit made 
of cadmium with an opening of 60 mm x 60 mm was carefully positioned so the 
detector could view only the spectrum source. This is very important to obtain a 
correct TN from a coupled moderator. Another cadmium slit with an opening of 20 
mm x 30 mm was placed in front of the detector or the crystal analyzer system. 
Hydrogen gas was condensed in the moderator container cooled by a heat exchanger at 
the top of the moderator container. In the measuring time hydrogen was almost 
parahydrogen. The cryostat used in this preliminary experiment was not optimized 
for this purpose but was just an existing cryostat after the minimum modification. 
The cryostat, therefore, has a large volume above the moderator container and, 
consequently, removed considerable parts of the upper premoderator and the upper 
graphite reflector as shown in Fig. 2. Nevertheless, this system provided a fairly 
large gain factor as described later. 

Energy spectra 

TOF spectra of neutrons from a cadmium-decoupled liquid-hydrogen moderator and 
various coupled ones in a graphite reflector, with and without premoderator, were 
measured. A bare liquid-hydrogen moderator was also measured for comparison. 
Measuring time was 2000 set for each moderator. Figure 3 shows the energy spectra 
obtained from the TOF spectra after necessary corrections. The relative gain of the 
coupled moderators are considerably higher than either the bare moderator or the 
decoupled one. 
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Fig. 3 Energy spectra from various moderators; from the top a coupled 5cm-thick 
liquid hydrogen moderator with a 3-cm-thick polyethylene premoderator, a coupled 
one without premoderator and a decoupled one all in a graphite reflector, and a bare 
one. Solid curves show the Maxwell distributions fitted to the measured data below 5 
meV. 
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It is well known that the energy spectrum from a liquid-hydrogen moderator is not 
expressed by a Maxwellian, but we fitted the spectra at lower energy region by 
Maxwellians as shown in Fig. 3 (solid curves). As obvious from the figure, the 
Maxwellian fits are not so bad if we restrict the energy range below 5 meV. The 
effective neutron temperatures TN obtained by these fits are listed in Table 1. TN’S of 
the coupled moderators with and without a premoderator are reasonably low and 
almost the same as that of the decoupled or the bare moderator. Present results are 
very much different from those by Bauer, et al. We confirmed TN -33K, while they 
reported a value of T N -8OK. The present results show that the increase of the gain 
comes mainly from the coupling with reflector, and that the existence of the 
premoderator gives an additional gain that is not as large as the former. 

Table I Effective temperature of neutrons from various moderators. 

Moderator 
Coupled (with polyethylene 3 cm thick) 
Coupled (without premoderator) 
Decoupled 

TN(K)* 

33.2 
32.8 
36.5 
34.8 

*accuracy of TN is about +l K 

Next we studied the effect of the premoderator thickness on the relative gain. Here 
we define the relative gain as the ratio of the integrated cold-neutron-beam intensity 
below 5 meV from the coupled moderator to those f:om the decoupled one. Figure 4 
shows the relative gain as functions of the bottom (between target and liquid 
hydrogen) and the side premoderator thickness. The relative gain increases with 
increasing bottom premoderator thickness and saturates at about 3 cm. The increase 
of the side premoderator thickness brings further increase of the relative gain, but it is 
rather modest and also saturates at about 3 cm as shown in the figures. The present 
results show that the optimal premoderator thickness is about 3 cm. 

In Fig. 5 we plot the ratio of neutron beam intensity from the coupled moderator 
with the 3-cm-thick premoderator to that from the decoupled one as a function of 
neutron wavelength. The ratio increases slightly with neutron wavelength. This is 
also a benefit of the coupled moderator. 

Time distributions 

We performed the measurement of neutron time distributions at various energies from 
the coupled moderator with the 3-cm-thick premoderator and from the decoupled 
moderator using the crystal analyzer system described in the preceding section. The 
results at selected energies are shown in Figs. 6 to 9 where the time distributions 
from both moderators are compared with each other. Solid curves show the enlarged 
profile from the decoupled moderator normalized at the pulse peak for direct 
comparison. The coupled moderator gives broader pulses than the decoupled one as 
expected, but the broadening is rather modest and the increase in the peak intensity is 
unexpectedly high. This means that the larger gain of the coupled moderator is not 
mainly due to the increase of the pulse width, but to the increase in the peak 
intensity. This feature is very much favorable for a pulsed cold-neutron source. 



792 KENS-II moderator experiments 

1.8 

I -1 I 3cm 

1.6 
/,i 2cm 

-m lcm 
0 
'Z 

q Ocm 
c3 1.4 (Side) 

$ .r( 
s z 1.2 

& 

1.0 

0.0 
0 1 2 3 4 

Premoderator Thickness 
(Bottom) 

Fig. 4 Relative gain of coupled moderators below 5 meV as functions of bottom and 
side premoderator thickness. 
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Fig. 5 Ratio of neutron beam intensity from the coupled moderator with a 3-cm-thick 
premoderator to that from decoupled one as a function of neutron wavelength. 
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Fig. 6 Time distributions of 0.82 meV neutrons emanating from the coupled 
moderator (solid square) and the decoupled one (open square). Solid curve shows 
the latter normalized at pulse peak for direct comparison. 
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Fig. 7 Time distributions of 5.1 meV neutrons emanating from the coupled 
moderator (solid square) and the decoupled one (open square). Solid curve shows 
the latter normalized at pulse peak for direct comparison. 
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Fig. 8 Time distributions of 16.5 meV neutrons emanating from the coupled 
moderator (solid square) and the decoupled one (open square). 
the latter normalized at pulse peak for direct comparison. 
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Fig. 9 Time distributions of 40.1 meV neutrons emanating from the coupled 
moderator (solid square) and the decoupled one (open square). 
the latter normalized at pulse peak for direct comparison. 

Solid curve shows 
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As obvious from the direct comparison with the data from the decoupled moderator 
(solid curves), the rising characteristics of the neutron pulses from the coupled 
moderator are almost the same as those from the decoupled one. This will be another 
important merit of this type of moderator. The present values, however, are 
considerably larger than those of the KENS solid methane moderator. 

Neutron pulse widths, in full width at half maximum (FWHM), from these two 
moderators are plotted in Fig. 10 as a function of neution wavelength. The 
corresponding values from the solid methane moderator at 20 K presently used at 
KENS are also shown by a solid curve for comparison. The pulse widths from the 
coupled moderator are about a factor of two broader than those from the decoupled one 
and only about a factor of 1.5 if we compared with those from the present KENS 
solid methane. 

Figure 11 shows the semi-logarithmic plots of the time distributions displayed in 
Fig. 7. Reciprocal decay time a’s at various wavelengths are obtained from these 
plots and shown in Fig, 12. 
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Fig. 10 Neutron pulse widths (FWHM) from the coupled (solid square) and 
decoupled (open square) moderators as a function of neutron wavelength. Solid 
curve shows the corresponding values of the present KENS solid methane at 20 K. 



796 KENS-It moderator experiments 

10 

1 

G 
s 0.1 

0.01 

0.001 
0 0.1 0.2 0.3 0.4 0.5 

Time (msec) 
0.6 0.7 0.8 

Fig. 11 Semi-logarithmic plots of the time distribution of 5.1 meV neutrons. 
Reciprocal decay time a’s were determined friom the straight line. 
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Fig. 12 Reciprocal decay time a’s from the coupled and decoupled moderators as a 
function of neutron wavelength. 
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Discusstons and conclusions 

In the present experiment on the preliminary optimization of coupled cold moderator, 
we confirmed a fairly large gain relative to the decoupled hydrogen moderator with a 
reasonably lower effective neutron temperature. The pulse characteristics of the 
coupled moderator turned out to be more encouraging than we expected; modest 
broadening in pulse width, higher peak intensity, and the same rising time as the 
decoupled one. The present experiment, however, is not absolute measurements but 
the relative ones. It is, therefore, difficult to argue about the absolute value of the 
conversion efficiency (cf. contribution by Watanabe). However, we estimated a 
rough value of the conversion efficiency achieved with the present coupled moderator, 
which is aheady better than the value in the present KENS solid methane moderator. 
Further optimization experiments with a dedicated cryostat are in progress. 
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ABSTRACT: Neutron and gamma-ray leakage measurements were taken at 
various stages of shield construction for neutron flight path 5 (the Lash-up 
flight path) at LANSCE, to compare the relative effectiveness of several 
configurations. Dose equivalent rates were determined for three categories: 
“low-energy neutrons”, below 20 MeV; “high-energy neutrons”, above 
20 MeV; and gamma rays, as measured by hand-held survey instruments. The 
low-energy neutrons were measured by activation of an indium foil in a 
paraffin-filled cadmium cannister, sized to be generally insensitive above 
20 MeV. High-energy neutrons were measured by (n,2n) production of 
Carbon 11 in a plastic scintillator with a 20-MeV threshold. Thermal 
neutrons were not measured at the shield-leakage test points. Room-scattered 
neutrons were observed by Albatross IV detector readings, which were taken 
beside the shield as a measure of variation of room background as the shield 
configuration changed. 

A sketch of the final shield cross section is shown in Figure 1. For these tests, the 
walls were completed as shown, and the top was added in stages. Measurements were 
taken directly above the beam pipe at two and four feet from the LANSCE bulk 
shield. The four-foot data is more representative of shielding a beam pipe with 
neutron collimators, as opposed to data taken nearer the inefficient interface between 
the flight path shield and the bulk shield. We think that a strong component of high- 
energy neutrons impinges on the beam path collimators and nearby shielding because 
of lack of adequate high-energy collimation within the bulk shield. Thus, the source 
is strengthened by spallation and evaporation spectra within the flight-path shield. 

The data tabulated in Table 1 are generally self explanatory. “P” refers to commercial 
high-density polyethylene, typically of specific gravity 0.94. “BP” refers to 
five-wt.-percent borated polyethylene of genetic commercial varieties. One important 
indication of these data is the utility of efficient lamination and relative thicknesses 
of shield materials. 

Although the data represent a small and perhaps specialized sample, one interesting 
finding is that the “plain” polyethylene reduces the neutron and total doses (in spite 
of the 2.2 MeV gammas) more than the borated polyethylene. This effect is not 
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unexpected for shields of this thickness, where a strong high-energy component 
occurs in the source; addition of the boron compounds displaces -25% of the 
hydrogen in the polyethylene. The resulting effect is strongly source-dependent and 
may also be quite geometry-dependent, considering neutron buildup and reflection 
from opposite walls within the shielded cavity. Gary Russell has performed leakage 
calculations for a large number of shield configurations, reported elsewhere, which 
show the interplay of these effects. 
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Fig. 1 Flight path 5 shielding cross section schematic diagram. 
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Table I 

FLIGHT PATH FIVE SHIELD TEST RESULTS, OCTOBER 2531,1987 

mrem/hr 

SHIELD 2Fr 4FT SIDE 
CGNFIGURATION 
INCHES IFNI-IFN G TOTAL IEN HEN G TWDU IEN 

6Fe 1540 32 160 1730 1000 36 104 1140 23 
6Fe.4BP 355 30 40 425 116 27 14 157 6.1 
12FE 1340 14 40 1400 787 10 25 822 20 
12Fe,12BP 10 8 4 22 8 4 2 14 6.1 
12Fe,2P,6Fe,4P 2.6 3.6 2.1 8.3 .9 1.2 1.1 3.2 0 
12Fe,2P,6Fe 53 5.4 3.,6 61 28 2 1.6 32 0.4 
12Fe,2P,6Fe,4BP 4.7 3.4 1.6 9.7 3.2 1.8 0.6 5.6 1.4 
Shutters Closed 0.6 6 0.4 7 0.6 6.4 0.4 7.4 3 

Background 

HEN = High-energy neutrons, > 20 MeV, measured by carbon scintillator activation, using 
flux-to-dose rate conversion factor (5 n hr/mrem cm2 s) 

LEN = Low-energy neutrons, c 20 MeV. measured bl moderated indium foil activation, using 
flux-to-dose rate conversion factor (7 n hr/mrem cm s) 

Thermal neutrons (c 3% of dose) not measured 

Background (FP-4 and FP-5 shutters closed) subtracted from data 
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Equivalent spherical-shield-neutron-dose 
calculations 

G. J. Russell and H. Robinson 
Los Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 U.S.A. 

ABSTRACT: Neutron doses through 162~cm-thick spherical shields were 
calculated to be 1090 and 448 mrem/h for regular and magnetite 
concrete, respectively. These results bracket the measured data, for 
reinforced regular concrete, of -600 mrem/h. The calculated fraction of 
the high-energy (> 20 MeV) dose component also bracketed the experimental 
data. The measured and calculated doses were for a graphite beam stop 
bombarded with 100 nA of 800-MeV protons. 

Introduction 

Shielding issues were the highest priority concerns at the Los Alamos Neutron 
Scattering Center (LANSCE)trI in FY-88. LANSCE uses 800-MeV protons from 
the Clinton P. Anderson Meson Physics Facility (LAMPF)[~ to produce neutrons for 
basic materials science and nuclear physics research. As can be seen in Fig. 1, the 
LANSCE target area has vertical proton insertion. LANSCE shielding concerns 
include: a) proton beam line shielding, b) target shielding, and c) neutron beam line, 
chopper, and beam-stop shielding. We launched both a computational endeavor[3] and 
an experimental effort141 to better understand the complexities associated with 
adequately shielding a spallation neutron source. 

Neutron-dose measurements were mader51 in the LANSCE experimental area below 
the proton beam line at a location downstream from where protons are extracted to 
the White Source experimental area (see Fig. 1). The 800-MeV proton beam 
impinged on a SO-cm-diam by 200~cm-long graphite beam stop. The proton current 
was lOOnA. 

The shield under study was the reinforced regular concrete floor (152-c.m~thick) of the 
proton beam line. Our previous experience had shown that the maximum dose (for 
this type of geometry) should be expected at about 60 degrees from the proton beam 
direction. Measurements were made at roughly 70 degrees (see Fig. 2). 

The actual shield geometry was simplified for the calculations by assuming an 
equivalent spherical shield with a thickness of the 70-degree slant distance (162 cm) 
through the beam-channel floor. The high-energy (> 20 MeV) neutron-source term 
was chosen to be an isotropic point source located at the center of the spherical-shield 
cavity. The graphite beam stop per se was not mocked up in the Monte Carlo 
shielding calculations. The strength of the point source was taken to be 4n: times the 
neutrons per steradian in the angle bin 50-105 degrees leaking from the graphite beam 
stop (see Fig. 2). 
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Fig. 1 General layout of the LANSCEMlNR complex. The Neutron Scattering 
Experimental Hall, completed in 1988, surrounds the present LANSCE experimental 
hall (shown in the foreground) and greatly enhances the overall LANSCE experimental 
area. 

Primary low-energy (c 20 MeV) neutrons produced in the graphite beam stop were 
ignored in the calculations. The high-energy neutrons and secondary low-energy 
neutrons produced by high-energy reactions in the shield were tracked to the detector 
location and converted to dose. The floor of the LANSCE experimental area was 
ignored in the computations. Air-filled regions were assumed to be both inside and 
outside the shield zone. 

The computations were done with the Los Alamos Monte Carlo code package.t6] 

Results 

The LANSCE beam-channel floor in the vicinity of the shield measurement is 
reinforced regular concrete. Since we did not know the iron content of this 
shield, we performed computations for both regular and magnetite concrete, 
hoping to bracket the effectiveness of the actual shield material. The results of the 
calculations, compared to experimental data, are shown in Table 1. Indeed, the 
experimental results are bracketed by our calculations. The magnetite concrete data is 
closer to the measured values, indicating the significance of the iron reinforcing bars 
used in the actual construction of the beam-channel floor. The effect of including the 
LANSCE experimental area floor in the computations would produce some 
low-energy albedo neutrons to add to the low-energy dose component at the detector 
location. 



Spherical-shieM-neutron-dose calculations 805 

PROTON BEAM 

f CHANNEL CEILING 
REGULAR IIR MAGNETITE CONCRETE 

r EQUIVALENT-SPHERICAL-SHIELD 

++++++++ 
-+++++++ +++++++*++++++++++++++++ 
++++++++++++++++++++++++++++++++ 

.++++++++++++++++++++++++++++++++ 
z*I******I*I**I**IzI***~~~*~*~** 

Fig. 2 A simplified schematic diagram of the LANSCE proton beam channel, 
showing the equivalent spherical shield for the beam channel floor. The location of 
the measurement, relative to the proton beam stop, is also illustrated. The graphite 
beam stop was replaced by a point isotropic source in the calculations. 
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Infinite slab-shield dose calculations 

G. J. Russell 
Los Alamos Neutron Scattering Center 
Los Alamos, New Mexico 87545 
USA 

ABSTRACT: I calculated neutron and gamma-ray equivalent doses leaking 
through a variety of infinite (laminate) slab-shields. In the shield computations, 
I used, as the incident neutron spectrum, the leakage spectrum (c 20 MeV) 
calculated for the LANSCE tungsten production target at 90” to the target axis. 
The shield thickness was fixed at 60 cm. The results of the shield calculations 
show a minimum in the total leakage equivalent dose if the shield is 40-45 cm 
of iron followed by 20-15 cm of borated (5%B) polyethylene. 
High-performance shields can be attained by using multiple laminations. 
The calculated dose at the shield surface is very dependent on shield material. 

introduction 

I performed a series of equivalent dose calculations for a variety of shield laminates 
bombarded by a neutron spectrum characteristic of the LANSCE tungsten production 
target. The computations were done using the Los Alamos Monte Carlo code 
MClWt’I . I chose infinite slab geometry (see Fig. 1) to simplify problem execution 
and develop a “feel” for the issues involved. The incident spectrum was that calculated 
leaking below 20 MeV from the LANSCE lo-cm-diam tungsten target at 90” to the 
target axist2] (see Fig. 2). A point source of mono-directional neutrons was assumed 
incident normal to the inner shield surface. I calculated neutron and gamma-ray 
surface-fluxes at the opposite (outer) shield surface and converted to equivalent dose 
using the flux-to-dose conversion factors in Ref 2. I also looked at albedo neutrons 
and leakage gamma rays at the inner shield surface. 

I investigated a variety of shield materials. The overall shield thickness was fixed at 
60 cm (a typical shield-size at LANSCE). The intent of this study was to analyze the 
sensitivity of the dose at the outer shield surface to variations in shield laminate 
composition. The primary motivation for the work was to recommend a shield 
configuration for the LANSCE FP-5 shield.t3] 

In neutron beam line shield design, consideration must be give to neutron and 
gamma-rays at both the inner and outer shield surfaces. Inner-surface 
radiations can affect neutron instrument backgrounds; outer-surface radiations may 
contribute to instrument backgrounds, but are definitely a biological dose concern. 
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CtlNVENTIllNAL SHIELD 

HIGH PERFORMANCE SHIELD 

Fig. 1. Infinite slab-shield mockup showing conventional and 
high-pefiommnce shield configurations. 
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0 Spallatian Spectrum at 90 Degrees 

lE-2 

Fig. 2. 

lE-1 1 10 100 1000 

Energy (MeV) 
Calculated neutron leakage (at No) from the lo-cm-d&n LANSCE 
tungsten production target bombarded by 800-MeV protons. The 
neutron spectrum below 20 MeV was used in the shield studies. 

Results 

A summary of the shields studied are given in Tables I and II. The “conventional” 
method of constructing neutron beam line shielding at spallation sources is to have 
an inner iron zone followed by a borated outer region of wax or polyethylene.14] We 
mocked up this conventional shield and varied the iron thickness from 0 cm (an all 
polyethylene shield) to 60 cm (an all iron shield). The results are shown in Fig. 3. 
There is a minimum in the total equivalent dose curve for a laminate shield of 4045 
cm of iron followed by 20-15 cm of polyethylene (5%B). I also studied other shield 
laminates. The results for two of these laminates are also shown in Fig. 3; 
significant gains can be achieved by multiple (> 2) laminations. No 
attempt was made to find the “optimum” laminate. 

In Fig. 4, I show the neutron and gamma-ray equivalent dose components for the 
conventional shield configuration as a function of iron thickness. The neutron and 
gamma-ray dose components are equal at =40 cm of iron. Except for the iron 
thickness range of ~35-50 cm, the total dose is dominated by the neutron dose. In 
the region of iron thickness where the gamma-ray dose component is significant, 
multiple laminates can be use to reduce the gamma-ray dose component (see Table I). 
For the all-iron shield, the total dose is nearly entirely due to neutrons: presumably, 
“windows” in the iron cross section are important in this context. 
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Fig. 3. Calculated total equivalent dose rates at the outer surface of infinite 
slab-shield laminates. The curve is drawn as a guide-to-the-eye. 
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Fig. 4. Calculated neutron and gamma-ray equivalent dose rate components 
at the outer surface of infinite slab-shield laminates. The curves are 
drawn as guides-to-the-eye. 



Table I. Calculated Doses at the Outer Shield Surface 

Neutron Gamma-Ray 
Dose Dose 

Total 
Dose 

Shield Configuration (Arb. Units) (Arb. Units) (Arb.Units) 
(Reference) Fe/CH2(R)/FeK!H2(5%)/CH2(R)/CH2(5%) 6.49E-05 2.69E-05 9.18E-05 

30/5/15/2.5/5/2.5 cm 
% of Total 70.7 29.3 
Fe/CH2(R)/Fe/CH2(R)/Pb/CH2(7%) 8.31E-05 l.O8E-05 9.39E-05 
30/5/15/5/2.5/2.5 cm 
% of Total 88.5 11.5 
Fe/CHZ(R)/Fe/CH2(5%) 7.49E-05 2.33E-05 9.82E-05 
30/5/15/10 cm 
% of Total 76.3 23.7 
Fe/CH2(R)/Fe/CH2(R) 6.09E-05 4.80E-05 l.O9E-04 
30/5/15/10 cm 
% of Total 55.9 44.1 
Fe/CH2(5%)/FeK!H2(5%) 1.44E-04 1.22E-05 1.56E-04 
15/15/20/10 cm 
% of Total 92.2 7.8 
Fe/CH2(5%) 8.12E-05 8.88E-05 1.70E-04 
4Of20 cm 
% of Total 47.8 52.2 
FeJCH2(5%) 8.27E-05 l.O8E-04 1.91E-04 
45/15 cm 
% of Total 43.4 56.6 
Fe/CH2(5%) 1.63E-04 7.90E-05 2.42E-04 
3Ot30 cm 
% of Total 67.3 32.7 

FeKH2(5%) 1.51E-04 1.25E-04 2.76E-04 
50/10 cm 
% of Total 54.9 45.1 
Fe/CH2(5%) 3.57E-04 8.80E-05 4.45E-04 
20/40 cm 
% of Total ’ 80.2 19.8 
Pb/CH2(5%) 5.87E-04 l.l4E-04 7.02E-04 
45/15 cm 
% of Total 83.7 16.3 
Fe/CH2(5%) 7.05E-04 1.38E-04 8.43E-04 
5515 cm 
% of Total 83.6 16.4 
Fe/CH2(5%) 7.50E-04 1.41E-04 8.9 lE-04 
lo/50 cm 
% of Total 84.2 15.8 
CH2(5%) 1.67E-03 l.l9E-04 1.793-03 
60 cm 
% of Total 93.3 6.7 
Regular Concrete 5.05E-03 2.28E-04 5.28E-03 
60 cm 
% of Total 95.7 4.3 
Fe 6.08E-03 l.l2E-05 6.10E-03 
60 dm 
% of Total 99.8 0.2 
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Table II. Calculated Relative Shield Performance 

Neutron Gamma-Ray Total 
Shield Configuration Dose Dose Dose 
(Reference) Fe/CH2(R)/Fe/CH2(5%)/CH2(R)/CH2(5%) 1.00 1.00 1 .oo 

30/5/15/2.5/5/2.5 cm 

Fe/CH2(R)/Fe/CH2(R)/Pb/CH2(7%) 1.28 0.40 1.02 
30/5/15/5/2.5/2.5 cm 

Fe/CH2(R)/Fe/CH2(5%) 1.15 0.87 1.07 
30/5/15/10 cm 

Fe/CH2(R)/Fe/CH2(R) 0.94 1.78 1.19 
30/5/15/10 cm 

Fe/CH2(5%)/Fe/CH2(5%) 2.21 0.45 1.70 
15/15/20/10 cm 

Fe/Ch2(5%) 1.25 3.30 1.85 
40120 cm 

Fe/CH2(5%) 1.27 4.01 2.07 
45/15 cm 

Fe/CH2(5%) 2.51 2.94 2.43 
30/30 cm 

Fe/CH2(5%) 2.33 4.63 3.01 
50/10 cm 

Fe/CH2(5%) 5.50 3.27 4.84 
20140 cm 

Pb/CH2(5%) 9.04 4.26 7.64 
45/15 cm 

Fe/CH2(5%) 10.9 5.14 9.18 
5515 cm 

Fe/CH2(5%) 11.6 5.24 9.70 
lo/50 cm 

CH2(5%) 25.7 4.43 19.5 
60 cm 

Regular Concrete 77.9 8.47 57.5 
60 cm 

Fe 93.7 0.42 66.4 
60 cm 
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In Table I, you can see the dramatic increase in dose for lead/polyethylene and regular 
concrete shields compared to an iron/polyethylene shield. There may be some benefit 
in sublamination of the outer polyethylene zone. This is particularly true if 
minimizing neutron dose is more important than decreasing gamma-ray dose. 

Note in Table II that regular polyethylene at the outer surface of a conventional shield 
is more effective (by ~22%) than borated polyethylene in reducing neutron dose at the 
outer shield surface. However, the gamma-ray dose and escaping gamma-ray energy 
are higher for regular polyethylene. 

Conclusions 

In general, gamma-ray equivalent dose is not explicitly considered in the context of 
neutron beam line shielding at spallation neutron sources.t4] II is importunt to 
contemplate the total (neutron plus gamma ray) equivalent dose in 
neutron beam line shield design. For a conventional shield laminate of iron 
followed by borated (5%) polyethylene, I have shown that the minimum total 
equivalent dose is achieved when the lamination is 40-45 cm of iron followed by 
20-15 cm of polyethylene. This is for an overall shield thickness of 60 cm, and for 
an incident neutron spectrum (< 20 MeV) characteristic of the LANCE tungsten 
production target at 90” to the target axis. 

I have shown that multiple laminates significantly improve shield performance, 
producing high-performance shields. No attempt was made to find the 
“optimum” laminate. The calculations indicate that (for dose considerations at the 
outer shield surface) caution should be exercised in using regular concrete and lead in 
neutron beam line shield applications. 

No attention was explicitly given here to the importance of albedo neutrons and 
gamma-rays at the inner shield surface. These latter radiations are important in 
neutron beam line shield design because they can affect instrument backgrounds. For 
infinite slab-geometry, the magnitude of these albedo neutrons can be significant. 
For example, calculated neutron albedo currents at the inner shield surface are about 
0.18,0.56, 0.78, and 0.91 n/n for the polyethylene, regular concrete, iron, and lead 
shields, respectively. 

For thicker shields, multiple laminations should provide high-performance shields. 
This work is essentially a “progress report” of what has been done to date. 
Considerable work needs to be done to explain all the effects found. I am studying 
shield laminates in spherical geometry for neutron beam line, chopper, and beam stop 
applications. In these deliberations, albedo neutrons can significantly affect total 
equivalent doses at the outer shield surface. For a fixed shield thickness, 
improvements in shield performance by factors of two or more (vis-avis 
high-performance shields) can have significant economic consequences. 
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We have evidence that shield performance is quite sensitive to the incident neutron 
spectrum; there appears to be significant shield performance enhancements for softer 
incident neutron spectra. 
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Workshop summary on computational techniques and 
shielding 

F. Atchison 
Paul Scherrer Institute 
CH-5232 Villigen PSI 
SWITZERLAND 

The target station workshop session on Thursday afternoon was in two parts: the 
first part was entitled “Computational Techniques and Shielding” and the second, 
which was chaired by Tim Broome, “Practical Concerns”. As things turned out, a 
strict distinction between the two parts was not maintained and I am going to report 
about the first part which, by the end of the allotted time, had made the transition to 
practical concerns. Although the full text of the contributions should be included 
elsewhere in these proceedings, the summaries, as made at the Friday morning 
session, have been retained in this written version. 

Before getting to the actual work discussed, I would like to make a couple of 
comments about the role of the calculator in source design, Calculations contributed 
in different ways at four principal stages of the project: 

1. w&at to vour management, 
2. To allow the management to sell the uroiect for fundinrr, 

I will skip over these. 

At this stage, the detailed calculations start. By their very nature these are principally 
theoretical, although they can be backed-up with results from other (running) 
facilities or au experimental program. There would seem to be three main goals: 

3a. To produce the best system possible. This is principally neutronic 
optimization but carries with it the study of the other major concerns: 
heating, damage, activation, and radiation safety. 

3b. To give/justify particular dimensions in the system. This is where the 
actual work lies: design engineers want exact numbers; normally the 
best we can do (not necessarily being engineers) is to say things like 
“make it as small as possible”, or “as thin as possible.” 

3c. To restrain the design engineers. This is rather obvious and mainly 
involves neutronic considerations, e.g., trying to divert the engineers 
from neutronically bad materials. 
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4. To imurove an existinp svstem. 

Stage 4 calculations are rather different. Normally you have an operational source 
and real problems to solve (i.e., something has been measured that is unsatisfactory 
and must be fixed). The huge advantage is that the calculations can be backed up 
with measurements (compared to those at stage 3, where the measurements will be 
made after the calculations). 

We started the session with an unscheduled but welcome “one-foil” presentation (Fig. 
1) from Bruce Brown, to record the successful completion of mounting the IPNS 
Booster-target. This needs no summary! 

The first presentation “Design for a New PSR and LAUPF” was given by Eugene 
Colton and described the motivation and design for a second generation proton storage 
ring at LAMPF. 

The motivation comes from what he called the “Bauer” report and is to use the full 
potential of an upgraded LAMPF for production of spallation neutrons and neutrinos. 
The basis of the design is a pair of compressor rings for 1.6-GeV protons with an 
average current of 1.2 mA and a repetition frequency of 48 Hz. This will require that 
the present linac be upgraded by the addition of another 800 MeV of acceleration and 
the current from the ion-source be increased by a factor of two. The neutron and 
neutrino facilities are to have separate target stations, and each will receive alternate 
pulses (i.e., each facility will operate at 24 Hz). The aim is to provide pulses of 
length c 2 ps each containing 1.5 x 1014 protons. A major design goal is to keep 
losses very low (c 100 nA) so that “hands-on” maintenance can be done. In 
operation, the two rings are to be filled with 7.5 x 1013 protons, which are fast- 
extracted in a single turn to either one of the transfer lines. The two pulses are sent 
in box-car fashion to the source target(s) to give a 1.7~ps-long pulse consisting of 
two 750-ns lumps of protons separated by 200 ns. The machine looks feasible on 
the basis that 4 x lOi protons per pulse have been stored in the PSR and other basic 
ideas put forward in the design have been tested. There do remain many open 
questions and specific details; in particular, to achieve the low beam-losses required. 

The second presentation “Some Neutronic Calculations for KENS-II” was by 
Masatoshi Arai and concerned the neutronic optimization of KENS-II. This work is 
typical of stage 3 calculations (see above) and also typifies the lot of the calculator, 
namely the huge amount of effort that has to be put in to settle comparatively few 
parameters. He presented the results of a calculational “tour-de-force” to allow 
selection of target material and dimensions and positions for the moderators: these 
calculations were based on use of moderated neutron intensity (i.e., usable flux) as 
figure-of-merit. He also studied the effect of different beam energies when the total 
beam power (product of beam energy and current) is kept constant. Summarizing, 
his results show that the increased incident energy (0.8 to 2 GeV) does give increased 
moderator flux, but when the reduced current (for equal power) is taken into account, 
the best flux is obtained with 0.8 GeV, i.e., beam current dominates. 

The last four presentations: 
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“Neutron Beam-Line Shield Calculations” 
“‘LANSCE Neutron Beam-Line FP-I and FP-5 Shield Designs” 
“Bulk ShieldlNeutron Instrument Shield Interface” 
‘UNSCE Neutron Beam-Line Dose Measurements” 

were taken together and led by Gary Russell: these gave a good mixture of 
presentation and discussion. The main theme was how to shield the instrument- 
flight-path section outside the bulk shield at LANSCE (a good example of a stage 4 
calculation). There are two simultaneous considerations: (i) external dose rate plus 
background at other instruments; and (ii) reflection back from the shielding to the 
flight path causing background problems at the instrument whose flight-path is being 
shielded. Gary presented the results of a wide survey for the performance of various 
laminated shields. Many of the results of the calculations have been confirmed by 
measurements. 

We talked about the bulk-shield/instrument-flight-path interface. We came to the 
conclusion that this needs a lot of care, in particular the design of the outer layer of 
the bulk-shield should include recesses to allow stepping-in to join with the flight- 
path shield so that streaming paths are eliminated. 

Noburu Watanabe pointed out the rather large size difference between beam-catchers at 
ISIS, IPNS, and LANSCE. I don’t think we actually resolved the issue. One point 
that came out of the discussion was that the sixes are not necessarily only based on 
neutronic considerations. When you, for instance, have iron blacks in stock with 
rather larger dimensions than you really need, you use them (they are in some sense 
“free”): hence, part of the answer of the size-difference question comes from practical 
concerns. 

Fig. 1 
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On the use of acceptance diagrams to calculate the 
performance of multiple-section straight-sided 
neutron guide systems 

J. R. D. Copley 
University of Maryland 
College Park, Maryland 
arKl 
National Institute of Standards and Technology 
Gaithersburg, Maryland 
USA 

ABSTRACT: We describe a method to calculate the performance of multiple 
section systems of straight-sided guides and collimators. The approach is 
based on the concept of acceptance diagrams, previously described by 
J. M. Carpenter and D. F. R. Mildner [Nucl. Instrum. Meth. m, 341 
(1982)], which display the transverse spatial and angular coordinates of the 
neutrons in the system. For a given section of guide the construction of the 
exit diagram, from the entrance diagram, is shown to be accomplished using a 
shear transformation followed by translational and rotational operations applied 
to polygons representing respectively even and odd numbers of reflections 
within the section. The reflected neutron polygons are then truncated leaving 
only the neutrons that never strike a surface at an angle greater than the critical 
angle for total reflection. 

I. Introduction 

In this paper we shall present a brief description of a generalization of the method of 
acceptance diagran# which is used to study the behavior of neutron guide systems. 
The method may be applied to a wide variety of problems, including a parallel guide 
placed at a distance from a finite sourcelll, parallellll, and converging14 guides fed by 
an isotropic neutron source, and a converging guide following a long section of 
parallel guide131. Multiple-section systems may be handled, and angular and lateral 
displacements between sections are readily included. Open sections, which are 
equivalent to enclosed sections with non-reflecting walls, are simply treated as guide 
sections with zero critical angle for total reflection. The method is limited to one 
transverse dimension and to guides with straight sides, and the reflectivity of any 
given reflecting surface is assumed to be constant (not necessarily 100%) up to the 
critical angle. The source need not be uniformly illuminated, though calculations of 
intensity at the exit of the system are simplified if the source illumination is 
constant. 
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II. Formulation 

Ila. Notation 

The notation used to describe a typical guide section, and to characterize the 
trajectories of neutrons within the section, is illustrated in Fig. 1. The entrance and 
exit half-widths are W and w’, the length is L, and the critical angle is 8: if 8 is zero 
we shall describe the section as ‘a collimator. The neutron enters with spatial and 
angular coordinates y and p, and in the absence of any obstacle it strikes the exit 
plane (x = L) with coordinates y* and /3*, where (in the small angle approximation) 

Y *=y+LP,and (la) 

pp. (lb) 

If the neutron reaches the exit plane, either without encountering the walls of the 
guide or else by reflection, it crosses with coordinates y’ and p’. 

The neutrons at a given stage within a system may be represented by an “acceptance 
diagram” which displays their transverse spatial and angular coordinates. A typical 
diagram consists of one or more polygons such that all points internal to each 
polygon represent accepted neutron. 

Fig. 1 A typical section of a multiple section guide system. Angles are measured 
with respect to the positive x axis. In this example the taper angle x is positive, and 
the trajectory of the neutron is such that p > 0, p’ -e 0, and k = 1. 
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Ilb. The exit acceptance diagram 

Let us assume for the moment that all angles of reflection are permitted, and derive 
expressions for y’ and p’ in terms of y* and p*. As a first step we need to define and 
determine the reflection index k. The magnitude of k is the number of reflections 
suffered by the neutron, and its sign is the sign of the y-coordinate at the first 
reflection. For neutrons which reach the exit without reflection, the reflection index 
is zero. In Fig. 2 we show a converging guide together with some of its multiple 
images. Three possible neutron trajectories are shown, and we see that in general k 
is the integer K which satisfies the inequality 

(2K - 1) w’ 5 y* S (2K + 1) w’ . (2) 

For neutrons with k = 0 it is clear that y’ = y* and /3’ = j3*, since no reflection 
occurs, If k = 1, y’ + y* = 2w’, and j3’ + JP = -2x, where the taper angle x (see 
Fig. 1) is given by 

x = (w -w’)/L. (3) 

Y 

5W 

3w 

W 

-W 

-3w 

/ 

Y**Y r 

1‘. . 5W’ 
-- --c / 

-- , -- r/ k=+Z 
-- ’ 

/ . -+---__ 3W’ / / 
/ - / /-- / _- k=+l 

I k=-1 

Fig. 2 A converging guide and some of its images, shown as bold solid and dashed 
lines respectively. The trajectories of three neutrons are shown; in each case the 
dashed lines indicate trajectories in the absence of the guide. 
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Thus, for k = 1, y’ = -y* + 2w’ and p’ = -p* - 231. For k = 2 we find that 
y’ = y* - 4w’ and p’ = p* + 431. In general we obtain (cf Reference 2) 

y’=y*-2kW’,P’=P*+2kXforevenk, (4) 

Y ‘=-y*+2kW’;P’=-j3*-2Qforoddk, (9 

We are now in a position to construct the exit acceptance diagram for a single section 
of guide, given the entrance acceptance diagram and assuming that all angles of 
reflection are allowed. The first step, illustrated in Fig. 3, is the shear transformation 
represented by Eqs. (1). Lines at y* = f (2~ - 1)w’ (where K is an integer) are 
then added to the image acceptance diagram, Fig. 3(b), in order to classify neutrons 
according to their reflection index. The exit acceptance diagram is formed by taking 
the polygons for each value of k and applying the appropriate transformation, Eqs. 
(4) or (5): for even k the polygon is translated by addition of the vector (-2kW’, 2Q) 
whereas for odd k it is rotated through 180’ about the point (kw’, -kx). 

----- 

Fig. 3 Acceptance diagrams for a 
parallel section of guide following a 
converging collimator. The collima- 
tor and guide have the same length 
L, and the collimator’s entrance 
width is two times its exit width. The 
critical angle of the guide is 2.75 x, 
where x is the taper angle of the 
collimator. The entrance diagram, 
(a), is a simple parallelogram. The 
image coordinate diagram, (b), is 
obtained by the shear transforma- 
tion, Eqs. (1) and the exit diagram, 
(c), is obtained by a series of 
translational and rotational opera- 
tions, Eqs. (4) and (5). The critical 
angle restriction, Eq. (6a), removes 
small portions from the polygons 
with k = f2. The effect of the criti- 
cal angle restriction is also evident 
in diagrams (a) and (b): the bold 
outlines were obtained by back- 
transformation of the accepted re- 
gions in diagram (c). Note that dia- 
grams (a) and (c) are essentially 
identical to the acceptance dia- 
grams in Fig. 6 of Reference I. 
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Ilc. Critical angle conditions 

If the section under consideration is a collimator, the only neutrons which reach the 
exit, are those with k = 0. 

If the section is a convereinp P&Z, all neutrons with k = 0 reach the exit, and the 
additional neutrons (with nonzero k) which reach the exit are those that satisfy the 
critical angle condition on the final reflectionlz 3l 

@‘I s 9 + x . (6a) 

This condition is applied to the exit diagram (excluding portions representing 
neutrons which reached the exit plane without reflection) after the transformations 
described by Eqs. (4) and (5) have been applied: it may or may not truncate polygons 
in the diagram. 

If the section is a diverrrine: go&&, all neutrons with k = 0 reach the exit, and the 
additional neutrons which reach the exit are those that satisfy the following condition 
on the first reflection: 

IpI I 0 - x . (W 

In this case the condition is applied to all parts of the image coordinate diagram with 
ly*l > w’ (i.e., to all parts which represent reflected neutrons), N-e performing the 
transformations described by Eqs. (4) and (5): note that p* = p. 

In the case of a parallel euj& conditions (6a) and (6b) are equivalent, since #I= lpll 
and x = 0. An example of the application of condition 6(a) to a parallel guide section 
is illustrated in Fig. 3(c). 

A second example of the procedure described in the previous paragraphs is shown in 
Fig. 4. The only difference between the arrangements shown in Figs. 3 and 4 is that 
in the latter case the guide converges to one half its original width. 

Ild. Additional sections 

Having determined the acceptance diagram at the exit of a given section we may 
proceed to the next section, assuming there is one. If the axis of the new section is 
aligned with the axis of the preceding section, the entrance diagram for the new 
section is identical to the exit diagram of the preceding section: an exception occurs 
if the new section is narrower than the preceding section. Angular and lateral 
misalignments of a section with respect to the preceding section may be readily 
handled by coordinate displacements. In the case of a spatial (sideways) displacement 
vi between sections i and i+l, the new and old y coordinates are related as follows: 

yi+l = yi’ _ Vi, 0 
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Ile. The first section 

The first section of a guide system is very often illuminated with neutrons traveling 
in all directions. In such cases the construction of the exit diagram for the first 
section differs somewhat from the procedure outline above, because the entrance 
diagram is bounded by the lines y = &W, but unbounded in p. 

In the case of a converging section, the shear transformation, Eqs. (l), is performed 
first, followed by the transformations described by Eqs. (4) and (5). The only 
polygons which need be considered are those with Ikl Sk,,.,,,, where k,,,,, is the 
integer K which satisfies the inequality 

2(K-l)W<L812lCW. (9a) 

The result is one or more adjacent parallelograms, and some or all of the 
parallelograms representing reflected neutrons are then truncated according to the 
condition on the final reflection, eq. (6a). 

In the case of a diverging section the shear transformation is again applied first, but 
polygons in the image coordinate diagram (outside the lines ly*l = w’) are then 
truncated using the condition on the first reflection, Eq. (6b). The exit diagram 
transformations, Eqs. (4) and (5), are then performed. The only polygons which 
potentially contribute to the exit diagram are those with Ikl I ka,, where k_ is the 
integer K which satisfies the inequality 

2(K-l)W’<LeS2lcW’. 

Ilf. lntenslty calculations 

(9b) 

The relative intensities of neutrons at different planes within a guide system may be 
calculated using the relevant acceptance diagrams, as long as the reflectivity of the 
reflecting surfaces is constant for angles less than the critical angle. If the source 
illumination is uniform, the intensity at a given position is proportional to the sum 
of the areas of the polygons in the acceptance diagram. Thus the fraction of neutrons 
which reach the exit of the guide shown in Fig. 3, obtained from the ratio of the 
hatched areas in diagrams (c) and (a), is 0.992, whereas the same quantity for the 
guide shown in Fig. 4 is only 0.680, assuming the entrance to the guide is 
uniformly illuminated in both cases. In the absence of uniform illumination, the 
best method to determine which of the neutrons in the entrance diagram were able to 
reach the exit is to back-transform the accepted areas in the exit digram, as illustrated 
in Figs. 3 and 4. Relative intensities may then be determined by integrating the 
source illumination I(y$) over appropriate regions in the entrance acceptance 
diagmm.[4J 

III. Discussion 

We have described a method to construct acceptance diagrams for systems of straight- 
sided guides and collimators. Relatively complicated arrangements can he treated in 
this way, and portions of complete systems may also be studied, since the 
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illumination of the entrance to the first section need not be constant. The method 
may in principle be extendedI to include situations where the critical angles of the 
two sides of a guide section are different, and to account for the neutrons which are 
transmitted by non-absorbing guide surfaces. It may be too that additional 
spectrometer components, such as filters and monochromators, can be treated using 
this type of approach. The alternative Monte Carlo method is more appropriate in 
situations where guide elements are continuously curved, and where surfaces do not 
have constant reflectivity. 
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ABSTRACT: Two different methods of energy transfer to neutrons by time- 
dependent magnetic fields are experimentally demonstrated. The first method 
involves a change of the neutrons potential energy during the passage through 
the field region. The second method involves a change of the neutrons 
potential energy during the passage through the field region. The second 
method involves a spin-flip in an external magnetic field by an rf-flipping 
device. All experiments were performed on high-resolution perfect crystal 
spectrometers. Applications of these methods for active monochromatization 
and beam handling are discussed. 

Introduction 

One of the most important objectives of neutron optics is to increase the percentage 
of neutrons in a beam which are in a distinct space, time or velocity interval. Most 
devices which are used today are passive in the sense that they select particles with 
the desired properties. Compared with the optics of charged particles and atoms, 
where effective cooling systems have been invented[1*2], the handling of neutron 
beams is more difficult due to the weak interacting potentials. Therefore, active 
devices that involve inelastic action on the neutrons are still a challenging problem. 

Among the active neutron optical components that can change the energy of thermal 
and cold neutrons are special moderators [31, different techniques for the production of 
ultracold neutrons[4,5~6*71 and fast moving crystal.@]. Another class of active neutron 
optical components makes use of the interaction of the neutrons magnetic moment 
with time-dependent magnetic fieldstsl. Here methods with spinflip[lOJll and 
withouPJ31 can be distinguished. 

Energy change without spinflip 

When a neutron moves in a homogeneous magnetic field whose strength varies in 
time, the potential energy of the particle changes as 

(1) 
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where l.t = 0.966 x lo-z6 JT-l is the neutrons magnetic moment, and the sign 
depends on the spin orientation compared with the field vector. This effect can be 
used for the acceleration and deceleration of neutrons and has been demonstrated 
recently1131. The experimental arrangement (Fig. 1) consists of two aligned C-shaped 
electromagnets which produce a field varying sinusoidally in time. The frequency of 
the oscillation is matched to the time of flight through a magnet, in the sense that 
this time corresponds to one-half (modus A) or one-fourth period (mode B). The 
phase difference between the two field regions was: 

Acp= ‘= 
4(l+d) 

; 
(2) 

neutron guide tube 
monochromator graphite (002) 

Si(311) magnet 8 magnet A 

#?2LwAu 
Si (31 ---c: 1) 

‘He counter 

. . . . . . . . . . . .-.’ 
A 

Fig. 1 Outline of the experimental set-up. Neutrons passing through the air gap of 
the two electromagnets experience two consecutive energy changes. The field 
amplitudes of the magnets (dotted lines) and the field amplitude at the location of one 
selected particle (solid line) are shown. 

(2 = 105 mm is the length of one magnet and d = 25 mm is the distance between 
them) in mode A and twice this value in mode B. The field amplitude in this 
experiment was limited due to material constraints to 0.4 T. The measurements 
were performed at a wavelength of 3.23 8, at the High Resolution Double Crystal 
Spectrometer (instrument S21) of the ILL, Grenoble. The counting of the particles 
was accomplished in eight time channels corresponding to different phases of the 
oscillating fields. 

It was found that for those time channels where the neutron had to pass a field- 
inverting region between the magnets, the beam was partially depolarized (31%), 
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whereas for measurements where no field inversion between the magnets happens 
(only in mode A), all particles experienced a full change of energy. The results are 
shown in Fig. 2. Although the fields were too week to generate a double-peaked 
curve, the data are in full agreement with the expected values and demonstrate clearly 
the predicted effect with an energy transfer M = & 2j.t.B,,, = + 58.4 meV. 

1800 

0 
-160 -80 0 80 160 

--it deflection angle (prad) 
Fig. 2 Rocking curve of channel 5, mode A (maximum energy shift without 
depolarization). The dotted lines correspond to the two spin states. 

Energy change with spinflip 

Another method of changing the energy of the neutron by time-dependent magnetic 
fields consists in the inelastic action of an &flipper, as it was predicted almost two 
decades ago[14] and verified later on by using a backscattering spectrometertlO]. For 
the flipping action two conditions have to be fulfilled: (i) the “frequency resonance” 
condition 

2pB,=fiw ; (3) 

and (ii) the “amplitude resonance” condition 

(4) 
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Here Bo is the static and Bi(cc Bo) the oscillating field, v, the neutron velocity and I 
the length of the field region. If a gradient is applied to the static field, the amplitude 
resonance condition can be relaxed. This makes possible a broadband action of the 
flipper in the energy range of cold neutrons. 

The inelastic action of such a gradient flipper has been demonstrated in an experiment 
at a perfect crystal spectrometer of the DID0 reactor of the KFA Jillich (Fig. 3). The 
results are shown in Fig. 4. The peaks corresponding to the two sIjin states can be 
separated. The measured energy transfer, AE = 0.240(5) lteV, corresponds well to 

the calculated value AE = hv = 0.243 PeV for v = 58.97 MHz Cgo = 2.022 T). 
In another experiment with polarization analysis, the flipping efficiency has been 
compared with theoryI15l and the agreement has been confiied. By a careful shaping 
of the magnetic fields, the wavelength dependence of the flipper action for the energy 
shift can be optimized1161. 

Applications 

There are many proposals for various beam handling systems that make use of the 
energy change demonstrated in the experiments described above. For example, 
systems for dynamical spin polarization 1171 and for the storage of neutrons in a total 
reflecting ring or in a crystal resonator have been consideredI”]. 

Probably the most challenging application of inelastically acting devices are active 
monochromators that selectively accelerate and decelerate neutrons and, therefore, 
increase the flux in a distinct energy interval. Due to Liouville’s theorem, this can 
only be done with pulsed sources. Clearly the energy changes obtained so far with 
active neutron optical devices based on interaction with time-dependent magnetic 
fields are not yet in the order of magnitude that can be useful for most neutron 
scattering experiments. For this purpose multistage systems have to be constructed, 
which are not only expensive, but also include the problem of depolarization. A 
monochromator using the energy shift of rf-flippers has been describedI18J. 
Comparable to this is a multistage system based on magnets as described in the first 
experiment. This would be analogous to the accelerator design of Wideroe with the 
electric dipole fields replaced by magnetic quadrupole fiehlrP31. 

Up to now we have considered only magnetic fields where the region of the 
accelerating gradient is fixed in space. This is not the case in the traveling wave 
monochromator[i21. A schematic drawing of such a system is shown in Fig. 5. For 
this system no small-scale version can be constructed. Therefore, we present some 
results of computer simulations. 

A comparison of the intensity gain which can be achieved with different types of 
potentials is shown in Fig. 6. The various types of potentials considered in this 
comparison are (the primed variables refer to the moving potential frame): 

a) An oscillator potential with constant width 2w. 
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Fig. 3 Sketch of the experimental set up of the spinflip experiment. 

I I I I I I I I I 

-20 -15 -10 -5 0 5 10 15 20 

A0 Ipradl 
Fig. 4 Splitting of the rocking curve due to the inelastic action of the rf-flipper. 
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POWER SUPPLY DELAY LlNE 

Fig. 5 Proposed scheme of a traveling wave monochromator. 

151------ d 

1 
496 498 500 502 504 

___ 
0.000 0.005 o.OfO 

YElOClTY (m/s1 MONUCHROMATlCiTY 

Fig. 6 Comparison of the expected gain factors and integral gain factors for traveling 
wave monochromators with different kinds of magnetic potentials. Far details of the 
shaping of the potentials, see text. Common parameters: distance-source 
monochromator D = IO m, length of monochromator L ~5; 20 m, mean neutron velocity 
va P 500 m/s, pulse length z = 50 ps, magnetic field amplitude Bmex = 1 T. 
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In this case the phase space evolution of the particle trajectories is a simple rotation. 
Therefore, the analytical treatment of the problem is facilitated. 

b) An expanding oscillator potential with width 2w(t). A given neutron with 

velocity v’,, that was emitted in the center of the pulse remains on the edge 
of the potential, which is the point of highest force. This allows, in 
principle, arbitrarily wide velocity intervals to be monochromatized. 

c) A sinusoidal potential with constant width. This is the type of potential that 
is the easiest to produce from the technological point of view. 

d) An expanding potential with trapezoidal form. 

v (x:t) = . 
6-l 

Three conditions determine the time evolution of the distances a and b: a(0) = 0; 
b(t) has to fulfill the same condition as w(t) in case b); and a particle that was emitted 

in the middle of a pulse reaches a(t) when its velocity is v’ = 0. 

In general the gain factors g are not constant over the velocity interval Av. 
Therefore, we define the integral gain factor g,: 

Av 

gI (Av) = -& 
2 

I_ 

g(v) dv’. 

-Av 
2 

For very monochromatic beams @E/E < O.l%), an expanding trapezoidal potential 
is best. From the point of feasibility, sinusoidal and oscillator potentials have to be 
preferred. 

Most of the systems for beam handling described in this paper are competing with 
instruments based on moving crystal and mirrors. The advantage of magnetic devices 
is the absence of any moving parts; the main disadvantage is the high power 
consumption. A lot of technological problems have to be solved before a large-scale 
active monochromator for thermal or cold neutrons can be realized. For very cold and 
ultracold neutrons, the design parameters are much easier to fulfill. 
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Introduction 

In this paper we describe the present concept for the layout of the neutron guides at 
SINQ. The characteristics of the source will make it particularly competitive in the 
cold neutron region 111 through the inclusion of a liquid Da source, which is described 
in 121. However, concommittant with the cold neutron production, there will be high 
energy neutrons (E > 15 MeV) emitted from the source, which significantly 
influence many of the design parameters and, in particular, the required shielding. 
The guide system, although based on the demands for the foreseen instrumentation, 
has been designed to be as flexible as possible to allow reasonable future 
development, while taking into account the particular background problems arising 
from the high-energy neutrons. 

General requirements and alms 

A clear aim for any general layout is to provide the maximum useful neutron flux 
over the wavelength range required by the instruments, while at the same time 
ensuring a minimum background Thus, our concept for the SINQ guides, although 
not dependent on, does allow for the possibility of supermirror coatings for the 
guides outside the main shielding, with a critical angle of reflection m times that of 
natural nickel, giving a factor m2 increase in effective flux. Because these 
supermirrors constitute an essential part of the system, there is an active program 
within the institute to develop them. A survey of planned and possible future 
instruments to be accommodated in the guide hall has indicated a demand for 
wavelengths in the range 2 - 12 Angstroms and a variation of beam sizes. The 
guide system has thus been designed according to the following principles: 

*The transmission is to be optimized for wavelengths in the range 2 - 12 
Angstroms. 

-In order to allow the implementation of focusing methods, the nominal guide 
size has been set at 120 mm high and 50 mm wide. 

*The first sections of the guides will be curved to avoid direct line of sight for 
the fast and (more importandy) high-energy neutrons. For this curvature to 
be effective, good shielding must be mounted close to the guides to provide 
tight collimation, and all instruments should be placed at least 5 m after the 
line of sight. 

-The guides outside the main shielding may have supermirror coatings with m = 
1.5, giving a fly increase of 125% with respect to natural nickel. If high- 
reflectivity supermirror coatings cannot be made routinely at the time of 
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guide fabrication, 58Ni (m = 1.2) will be used with a corresponding flux gain 
of 40% over natural nickel. 

Figure 1 shows a general layout of the SINQ target and guide halls on which 
schematic drawings of some proposed spectrometers have been included to illustrate 
the probable beam positions. Referring then to Fig. 1, the guide system can be 
subdivided into four distinct parts: the in-shield sections, the shutter section, the 
blockhouse section and the guides in the guide hall proper. 

L 1 J 

8 9 IO II 12 13 14 I5 16 17 I8 19 20 21 22 

Fig. 1 Neutron guide layout. 

In-shield section 

Four straight guides, with angles of + 4 and + 6 degrees with respect to the plug 
axis, will view the cold source from a distance of 1.5 m and continue 4.5 m to the 
outside of the main shielding where they will be directly coupled to the shutter 
sections. These guides will be fabricated from either non-boron glass or polished 
nickel plates with a surface coating of 5gNi and will be slightly converging away 
from the source to fully illuminate the following sections of guide having 
supermirror surfaces. The design of the insert will allow installation of a further 
central guide if required in the future. 

Shutter section 

The shutter will be situated on the outside of the main shielding and will provide a 
means of replacing a 1 m evacuated guide section by a beam blocker. The details of 
this shutter have not yet been defined. 

Blockhouse section 

After the shutter the guides are mounted in a shielding blockhouse, where they will 
be curved and tightly shielded to remove direct transmission of high-energy neutrons. 
In addition (referring to Fig. 1) guides Gl and G2, and similarly guides G3 and G4, 
will be curved in opposite directions such that the main shielding against direct flight 
neutrons will be situated between each pair of guides. 
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The combination of the requirements of a short characteristic wavelength, h*, 
together with a large guide width, w = 5 cm, leads to an excessively long line-of- 
sight length, Ls, for all realistic values of m. This problem may be overcome by 
using curved guides that are divided vertically into subguides by means of thin glass 
plates similarly coated with supermirror, allowing the radius of curvature to be 

Table 2 shows the line-of-sight lengths obtained and the radii of curvature (R) 
required for different characteristic wavelengths as a function of the parameter m and 
the subguide width a. However, assuming that the center glass plates are transparent 
to high-energy neutrons, the effective line of sight, Le, will be determined by the 
total guide width, w, and the effectiveness of the adjacent shielding. The estimated 
values of Le (for w = 5 cm) are also given in Table 2. 

Table 2 

h*=2A 
m 

1.2 1.5 2 2.5 

Ls (m) 59 
5 R (km) 

Le (m) 5Ze7 

Ls (m) 29 
2.5 

Ls (m) 19.6 
1.67 

49 39 29 23 
6.0 3.8 2.2 1.4 

49 39 29 23 

24.5 
3 

35 

16 
2 

28 

19.6 
1.9 

27.5 

13.1 
1.3 

22.5 

14.7 11.8 
1.1 0.7 

20.5 16.3 

9.8 7.8 
0.7 0.5 

16.7 13.3 

1.2 

m 

1.5 2 2.5 
(cm) I 

5 

2.5 

1.67 

Ls b-0 78.5 65 52.3 39.2 

R (km) 15.4 10.7 I-e (m) 78.5 65 5% 3;:; 

Ls (m) 39 32.7 26.1 19.6 
R (km) 1.9 
I-e (m) 27.7 

Ls (m) 26.1 21.8 17.4 13.1 
L g) 45.3 5.1 37.5 4.3 30.2 2.3 22.6 1.3 

31.4 

3;; 

15.7 
1.2 
22.2 

10.5 
0.82 
18.1 
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Thus, in keeping with the design goals, each of the guides in the blockhouse will be 
constructed as two subguides (i.e., with one central glass plate) having a a radius of 
curvature of 1.9 km. The effective line of sight for the present system (including the 
initial straight sections) is shown in Fig. 1 and falls within the blockhouse. 

The use of supermirror coatings (m = 1.5) in the curved sections is essential to 
ensure the characteristic wavelength of 2 A, even though some instruments may not 
make use of the increased beam divergence. The effect of replacing the supermirror 
by ssNi (m = 1.2), or eventually natural nickel (m = 1) for the SANS and the 
reflectometer, would be to increase the characteristic wavelength to 2.5 or 3 A 
respectively, in addition to reducing the total flux. 

The theoretical fluxes, based on the calculations of [23 with a lOi incident flux on a 
D2 source with a 10 cm re-entrant hole and taking into account the transmission of 
the curved guides (reflectivity = lOO%), are shown in Fig. 2 for m = 1.5. 

It is clear that the center channel will leave a hole in the illuminated phase space of 
the following open guide and that this hole will be transmitted, albeit transformed in 
shape, down the guide. We are at present performing calculations to investigate both 
the effect of this gap in illumination on the instruments, in particular those with 
crystal monochromators, and the possible optimum sitings along the guides to reduce 
adverse effects. 

lo7 I’ 1’1’ I’ 1’1’ I’ I’ 1’1’ 
1 2 3 4 5 6 7 8 9 10 1 

Wavelength (A) 

1 

Fig. 2 The solid line shows the theoretical flux in the guides as described in the text. 
The dashed line represents the expected flux allowing for 10% absorption in the cold 
source structure and a realistic guide transmission of 70%. 
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Guide-hall sections 

After passing through the end wall of the blockhouse, the guides will be continued 
straight as single open guides, i.e., without a central reflector, through another 5 m 
of heavy concrete shielding before exiting into the guide hall. At present it is 
intended to continue guides G3 and G4 with the full size (120 x 50 mm2) for 
instruments that can make use of focusing techniques. It is possible that the final 
residual beams from one of these guides could be used for neutron radiography. 
Guides Gl and G2, however, may be split for an optimum disposition of 
instruments. 

Guide Gl. This guide will be split horizontally to provide two individual beams 
of cross-section 50 x 50 mm2; the top beam for a SANS instrument and the lower 
for another instrument, ideally, a reflectometer. Since both these instruments, in 
principle, cannot use large beam divergences, all or part of this guide could be made 
with a natural nickel coating. However, a reflectometer, which is intended to be used 
for surface diffraction, would require short wavelengths so that an alternative position 
has been foreseen on guide G2. 

Guide G2. This guide will be similarly divided into two beams, the lower of 
which may be reserved for a reflectometer. The top half will continue in a guide of 
cross section 50 x 50 mm2 to a neutron optic bencht31 situated in a special vibration 
free area at the end of the guide hail. The present design of this optic bench requires a 
beam 20 mm wide so that a third beam of cross section 50 x 30 mm2 may be 
extracted from the guide either for another instrument or for test purposes. 

Instruments. Of the instruments shown in Fig. 1, it is planned to have three 
operational in the guide hall as soon as neutrons are available. These are the SANS, 
Optic bench, and Time-of-flight spectrometers. Further instruments will be built 
depending on demand and the availability of fuilding. Hence, it will only be 
necessary to install three of the four guides for the initial source operation. 
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Neutron beam compressors for pulse width reduction 
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ABSTRACT: In the context of intensity and resolution optimization of a 
neutron time-of-flight spectrometer several methods of beam width reduction at 
the chopper are considered aiming at a reduction of the neutron pulse width at 
minimum loss of intensity. The most advantageous technique discussed uses 
a “double-trumpet” arrangement in which the chopper is placed in between 
converging and diverging neutron guide sections. 

Introduction 

It is one of the main tasks in optimizing a neutron spectrometer to strive for 
maximum intensity at any, and in particular at the best possible, resolution. For this 
reason every neutron optical device used in the spectrometer should have the highest 
possible transmission. In the present paper we shall consider part of this 
optimization problem with regard to a cold-neutron time-offlight spectrometer for 
inelastic scattering experiments. (We are referring here to the multi-disk chopper 
spectrometer under construction at HMI Berlin, which is an improved version of the 
IN5 instrument (Douchin et al., 1973) at ILL in Grenoble). The primary part of such 
an instrument essentially consists of several choppers. 

One of the choppers is intended to create or taylor a pulsed neutron beam. Another 
one is used for the monochromatization of the latter. In addition to these two 
principal choppers, further choppers are needed for tail-cutting and for overlap 
prevention. However,these do not necessarily affect the spectrometer resolution. The 
present discussion will therefore be restricted to the two principal choppers. 

Since the transmission of every chopper enters into the final intensity, we have 
chosen to use very thin disk choppers with open windows (transmission = 1) 
produced by cutting slits into the disk edges. These disks run in narrow slots 
(transmission better than 0.99) cut perpendicularly to the beam into the neutron 
guide. The energy resolution at the detector of a system of two single choppers is 
given as (Lechner, 1985): 

S = go (212 812 + 222 g&‘/2 (1) 

if flight path Iength uncertainties are neglected. AE is governed by the chopper pulse 
widths in time, z1 and 22. Highest resolution (corresponding to minimum values of 
z1 and zz) is obtained at maximum chopper speed-at the limit of mechanical 
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resistance of the disk material. An immediate improvement of the energy resolution 
by a factor of 2 is achieved, if one replaces each single chopper disk by a pair of 
identical, but counter-rotating disks (Hautecler et al., 1985) mounted at a small 
distance from each other and running at the same velocity. Formula (1) applies 
again. with r1 and r2 now being the effective chopper pulse widths of the first and the 
second pair, respectively. In the following, the term chopper will be used for such 
pairs of counter-rotating disks. Once the flight-path lengths (implicitly contained in 
the wavelength-dependent factors go, gl and ga are fixed, a further improvement of 
resolution for a given neutron wavelength h is then possible only by a reduction of 
the widths of chopper windows and beam, in order to further reduce the neutron pulse 
widths. As concerns intensity and resolution optimization it is generally 
advantageous to have 22 c q, especially if the secondary flight path (sample to 
detector) is shorter than the primary flight path (distance between the two choppers). 
This also applies when one is interested in good resolution in neutron energy gain 
scattering. In the following we shall therefore consider possibilities of a reduction of 
72. 

Neutron beam bottlenecks 

Beam width reduction corresponds to the construction of some kind of a ‘bottleneck” 
in the neutron guide. Figure 1 (schematically) shows several different ways of 
reducing the beam width (in the horizontal plane) in order to fit it to reduced-width 
chopper windows. A reduction factor of 2 has been chosen as an example: 

normal neutron guide (parallel walls) with original width, a pair of counter- 
rotating disks, each of them spinning with a (tangential) velocity v, is 
placed at its end; effective pulse width r2. 
the guide width has a step before the chopper; this method of guide width 
reduction was used in the case of IN5 at ILL: effective pulse width: 22/2. 
a comb-like mask is used in front of the chopper with chopper windows 
matched to the mask. The widths of the two windows add up to half of the 
guide width. This corresponds to the simplest case of the multiple-slit 
chopper concept (Copley, 1988). I am using this example for the purpose of 
comparison, assuming that the two counter-rotating disks are spinning at 
velocity v/2, in order to obtain the same pulse width as in case b) i.e., 22/2. 
a converging neutron guide section, placed at the end of a normal 
(parallel-walled) guide, reduces its width just before the chopper and thus 
leads to a pulse width of 22/2 for a chopper velocity v. 

We should like to choose the solution corresponding to a minimum loss in intensity 
at a given improvement in resolution. In order to make this choice let us now 
compare the intensities for each of these different cases. 

The intensity I of an experiment is governed by the number of neutrons leaving the 
second chopper per unit of time. This is proportional 

(i) to the “duty cycle”, q/P, i.e., to the fraction of time for which chopper 1 
is open, 

(ii) to the incident neutron flux per unit of energy integrated over the beam 
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Fig. 1 Schematic drawing of a chopper consisting of a pair of counter-rotating 
identical disks placed at the end of a neutron guide. (a) mirror-coated guide with 
parallel walls, width 28, chopper velocity v. (b) to (d) three different ways of 
producing a bottleneck in the neutron beam, reducing the total beam width by a 
factor of 2 in order to decrease the chopper pulse width: (b) guide width reduced by 
a step to the value B before its exit; chopper velocity v. (c) the guide exit is reduced 
to two slits of width B/2 each, using a mask; the chopper windows are matched to 
this mask, chopper velocity v/2. (d) a guide width reduction to the value B is 
achieved using a supermirror-coated converging guide section before the chopper; 
chopper velocity v. (e) as in case (d) the neutron guide has a converging section 
just before the chopper; however, in addition, a diverging neutron guide section is 
added just after the chopper in order to focus on the sample position.guide section 
is entirely supermirror coated. 
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cross-section A, A d$/dEo, and 
(iii) to the energy band width, AEe, selected during the chopper burst time 22: 

It is obvious that for the chopper velocities given above the energy band width factor 
is equally reduced in the cases b), c) and d) as compared to a) of Fig. 1, whereas the 
flux factor is affected only in cases b) and c). Thus, for the same improvement in 
resolution, the intensity I of case a) is reduced to I/4 in b) and c). but only to I/2 in 
case d). This is assuming that a converging guide section can be made with a 
transmission of 1, which is true to a good approximation (see below). We note that 
the result of case d) would also be obtained with a normal guide (case a), if it was 
possible to double the chopper speed. Furthermore, it should be noted that a pulse 
width reduction by another factor of 2 is possible in case c) if the maximum chopper 
velocity v is used. This leads to a pulse width of 7J4 and reduces the intensity by 
another factor of 2 (thus giving I/8). Precisely the same result (within the present 
approximations), i.e., pulse width 22/4 and intensity I/8, is also obtained in case d) 
if the horizontal dimensions of the parallel and converging guide sections as well as 
that of the chopper window are reduced by a factor of 2. The latter case has the 
advantage of an intensity spatially concentrated within a single slit rather than in 
two. 

Transmission of CGS and double-trumpet 

Let us now consider the transmission of a converging guide section (CGS). 
Transmission and “gain factors” for such neutron guide elements have been calculated 
by several authors (Anderson, 1988; Mezei, 1988; Rossbach et al., 1988). We have 
also made such calculations (with a Monte Carlo program written by F. Mezei). 
Anderson has given analytical results. In the following I shall use his notation and 
consider the CGS of Fig. Id as an example which, in one dimension, reduces the 
beam width from 2B to 2b, with a real space reduction factor /3 = B/b = 2. If the 
straight guide has a mirror coating with a critical angle y=, the CGS must be 
supermirror-coated with maximum reflection angle yo, in order to achieve high 
transmission. In our example we may choose a critical angle ratio of m = rcJr, = 2. 
Reflectivities of both neutron guide mirror and supermirror surfaces can be made 
close to 1 for reflection angles 01 < yc. In the supermirror region, yc -z a c ycc, 
average values of about 0.8 can be achieved. For simplicity we shall assume here that 
the reflectivities are equal to 1 in both cases. Under these assumptions the 
transmission of the CGS shows periodic oscillations with maxima equal to 1 at 
values of k = Y/y, = 1, l/3, l/5, l/7, etc. These maxima correspond to transmission 
of all neutrons which enter the CGS. If, for instance, the CGS inclination angle Y 
(Fig. 1) is chosen equal to y,(at h = 2 A) the transmission maxima are obtained at 
wavelength values of h = 2(2N-l)A, N = 1,2, 3,.. The locations of the maxima can 
obviously be adapted to the experiment requirements by varying the above-mentioned 
CGS parameters. 

’ 

We have thus shown that case d) of Fig. 1 is superior to b) and c) as regards 
neutron intensity just after the chopper for the given improvement in energy 
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resolution. The use of more realistic reflectivity values would not change this 
qualitative result. However, it is a serious disadvantage of the simple CGS 
arrangement, that the sample to be studied in the experiment usually can not be 
placed very close to the last chopper. Because of shielding, sample environment and 
scattering angle requirements, a distance of at least 1 m is typical. At such distances 
the increase in flux density achieved by a CGS at the location of the chopper 
window, is lost due to the corresponding increase in divergence (cf. Louiville’s 
theorem). This problem can easily be solved considering that we do not need to 
conserve the narrow beam width, once the neutron pulse has passed the chopper. It is 
quite evident that the addition of a supermirror-coated diverging guide section (DGS) 
just after the chopper will not only allow for a certain increase in beam width but 
also reduce the beam divergence. Thus, the beam will be focussed at distances from 
the chopper window which are convenient for applications. Such a CGS-DGS 
“double-trumpet” arrangement is shown in Fig. le for the symmetric case (equal 
inclination angles Y and equal lengths). It is seen by inspection that every neutron 
passing through the CGS will also be transmitted by the DGS. Therefore, the 
transmission of this double-trumpet is 1 if that of the CGS is 1. We note that the 
double-trumpet does not have to be symmetric. For instance the double-trumpet of 
the HMI time-of-flight spectrometer for reasons of space requirements will have a 
truncated DGS. This leads to different focussing properties at an equally high 
transmission. We may conclude that the double-trumpet arrangement described above 
is a good solution for the bottleneck problem initially stated. It is evident that the 
same method could be used for further improvements of the energy resolution with a 
minimum loss of intensity if the maximum supermirror reflection angle yw could be 
increased beyond presently possible values. Detailed results of calculations of double- 
trumpet transmissions and focussed intensity distributions will be published 
elsewhere. Finally it should be mentioned that the multiple-slit chppper concept 
(Copley, 1988) in principle also permits still higher resolution if the number of slits 
per chopper is increased; however, this would require the use of a larger number of 
disks. 
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Mook, a new method of designing supermirrors based on a consideration of the 
contribution of each bilayer to the extinction in a given stack of bilayers was 
presented, including the derivation and solution of the discrete set of equations 
governing the selection of layer thicknesses. Anand Saxena then talked about the 
fabrication of non-polarizing singlespacing multilayer monochromators in the 60 to 
200 8, range with reflectivities greater than 95% and compared the calculated and 
observed diffraction profiles from which it could be concluded that the multilayers had 
a significant degree of imperfection. The last paper of the session was by John 
Keem, et al., on an investigation of the microstructure of vapor deposited Ni-Ti 
multilayers and supermirrors using neutron and x-ray diffraction in addition to 
transmission electron microscopy. The measured neutron reflectivities of 
supermirrors were less than predicted. The study showed very convincing evidence of 
the formation of cusps in the Ni layers. This important finding strongly suggests 
that the reduction in reflectivity is due primarily to layer roughness. 

Neutron guides 

The topic of the second session, chaired by Tasso Springer, was neutron guides. The 
first paper, by Ebisaiva, et al., described both conventional Ni-coated guides and a Ni- 
Ti supermirror guide tube installed at the Kyoto University Research Reactor in 
Japan. A detailed comparison of the actual performance of the two types of guides 
was given. Next, Francois Samuel gave a detailed description of the construction and 
installation of neutron guide networks at a number of European neutron scattering 
facilities. A thorough analysis of losses within a guide due to less than perfect Ni 
film reflectivity, spatial and angular misalignments, and gaps was presented. The 
third paper of the session, by Alefeld, et al., described the new neutron guide 
laboratory at the KFA, Jtilich, FRG, and its special beam-forming devices. The 
measured neutron fluxes in the 58Ni guides were given along with a technical layout 
of the guide system, which supplies 10 instruments with cold neutrons from the 
hydrogen cold source. In addition, the design and performance of a neutron-guide 
junction at the entrance of the guide network, a multislit-bender with a radius of 
curvature of 57 m, and conical-focusing neutron guides coated with supermirror were 
discussed. The last two papers of the session were concerned with the calculation and 
measurement of the performance of converging neutron guides. Ian Anderson spoke 
first and gave a simple analytic approach to determine the flux gain that may be 
achieved in such a system as a function of the ratio of the entrance and exit widths, 
which also determines the wavelength dependence. The second paper, by Copley, et 
al., discussed the spatial and angular distributions of a beam emerging from a 
converging guide, which are generally nonuniform and wavelength-dependent. 
Analytic and numerical methods of calculation were considered and the results of 
selected Monte Carlo numerical calculations were presented. Measurements on a 
scaled-down version of a converging guide system were reported and found to compare 
well with calculation. It was found that flux gains as high as a factor of four (in two 
dimensions) using supermirror converging sections at the end of an ordinary guide are 
possible. 

Other devices and applications 

Session 3 of the conference consisted of six presentations on other device 
applications. Albert Steyerl began with a report on the novel guides and mirrors for 
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cold and ultracold neutrons, which were used for the new intense turbine source of 
very slow neutrons at the High-Flux Reactor of the Institut Laue-Langevin, 
Grenoble. Neutron mirrors are essential components for Doppler-shifting turbines 
and high-resolution ultracold neutron spectrometers. The instrumentation for neutron 
microscopy that makes use of imaging mirrors was described as well as the results of 
detailed investigations of specular and nonspecular components in mirror reflection 
from glass and metal-coated glass mirrors. These results were compared with the 
characteristics of zero-order diffraction horn a planar-ruled diffraction grating. A paper 
by Utsuro, et al., then described the ultracold neutron facility at the Kyoto University 
Reactor in Japan, including the characteristics and performance of the curved Ni 
mirror guide, supermirror turbine, and gravity spectrometer. The paper by Alefled, et 
al., then considered the possibilities for focusing neutrons with curved mirrors. It 
was concluded from intensity calculations and experimental intensity profiles that 
focusing small-angle neutron scattering instruments with high-quality neutron 
mirrors will be superior to conventional pinhole instruments for high-scattering 
vector resolution AQ I 10-3A-1. Interesting experiments with a neutron “lens” and a 
microbender made up of multilayered thin film microguides were also discussed. A 
paper by Majkrzak, et al., then presented several applications of supermirrors and 
multilayers planned for the new Cold Neutron Project at the National Institute of 
Standards and Technology. Included in this presentation were descriptions of a novel 
polarized triple-axis spectrometer using a combination of supermirror polarizers and 
Drabkin resonance spin-flippers as monochromator and analyser, a neutron 
reflectometer, and a focusing mirror for a small-angle scattering spectrometer. 
Tasaki, et al., were the authors of a following paper on an interesting idea for a 
polarizing monochromator consisting of two multilayers in series. This 
combination serves not only as monochromator and polarizer, but collimator and 
beam bender as well. The final paper of the session was by DiNardo, et al., and dealt 
with the actual fabrication of polarizing multilayers by sputtering, in particular for 
the Fe-Si system, and compared observed reflectivities with predicted values. 

Multilayer monochromators for X-rays and neutrons 

The conference on neutron optics concluded in a joint session with another 
symposium conference on X-ray multilayers. 121 Andreas Freund opened the session 
with a talk on the common and disimilar aspects of beam-defining devices for x-rays 
and neutrons. Besides the intrinsic interaction properties of the two radiations with 
matter, the importance of the properties of the somces (e.g., neutron reactor or pulsed 
source and x-ray synchrotron) for the design of beam optics was discussed. Josef 
Feldhaus next gave an overview of soft x-ray monochromators for synchrotron 
radiation showing examples typical of various energy ranges and applications. A 
review of the theory of multilayer neutron monochromators was given by Varley 
Sears, in which both the kinematical and dynamical treatments were discussed. Two 
additional papers were presented, one by Smith, et al., on a W-C multilayer 
monochromator for x-rays and the other by Evans, et al., on the neutron reflectivity 
of Ni-Si multilayers. 

Conclusion 

The quality of the papers presented and the exchange of information that occurred 
between people attending the x-ray and neutron conferences contributed significantly, 
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I believe, to the success of the meeting. It is hoped that a similar conference will be 
held in the future. 
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Workshop summary on beam handling 
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In this particular session, five short talks were given with an appropriate amount of 
time between talks for informal discussion. To begin, John Copley described a 
method to calculate the properties of multiple-section systems of straight-sided guides 
based on the idea of acceptance diagrams, This two-dimensional geometrical 
representation of the spatial and angular coordinates of the neutrons in the system 
may be applied to a variety of practical design problems. In a related talk, Ruep 
Lechner discussed the effect of a guide “bottleneck” to spatially compress the beam at 
the position of a rotating disc chopper in order to improve the time resolution in a 
time-of-flight spectrometer application. Laurenz Niel next talked about two distinct 
methods of neutron energy transfer via time-dependent magnetic fields. In one 
method, energy is exchanged with neutron spin flip, and in the other, without. The 
results of experimental demonstrations of both techniques were reported. C. F. 
Majkrzak then summarized the proceedings of the International Society of Optical 
Engineering’s recent Conference on Neutron Optical Devices. Twenty-four talks were 
presented at this conference on mirrors, supermirrors, multilayer monochromators, 
beam guides, and other applications of relevance to the current workshop session. 
Finally, Kent Crawford presented the results of work on Soiler collimators for small 
angle scattering application. 

The discussions following each of these talks served to clarify certain points as well 
as stimulate further thought on the subject. 
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ABSTRACT: Neutron spectral measurements were made in LANSCE 
Experimental Room 1 during an intentional spill of 100 nA on a carbon block 
in the beam channel. The relative response of two neutron dosimetry badges 
and a neutron survey meter were investigated. The resultant neutron spectrum 
had a strong high-energy component containing 25% of the flux density and 
70% of the neutron dose equivalent. The dosimetry badges and the survey 
meter under-responded by 80,20 and 50%, respectively. Due to their individual 
energy responses, a simple sum of the two dosimeter results gives a total dose 
equivalent, which is close enough to the unfolded spectrum value to be used 
for personnel dosimetry records. 

Introduction 

On July 22,1987 an experiment was run to measure the neutron energy spectrum in 
the LANSCE Experiment Room 1 (ER-1) with the proton beam being stopped in the 
carbon beam block in Line D directly downstream of the lR bender. The purpose of 
this measurement was to determine the neutron-energy spectrum and dose rate found 
in ER-1 under the conditions of beam spill, and determine the relative sensitivities of 
the Albatross-1V neutron survey instrument, the LANL TLD dosimeter badge that is 
worn by TA-53 personnel, and the NTA-type nuclear-track-emulsion dosimetry badge 
that formerly was used at the Lab for personnel neutron dosimetry. 

Detectors 

The detectors used to determine the energy spectrum included a set of six 
polyethylene moderator spheres (5.08-to 30.48-cm diameter) with TLD 600 and TLD 
700 LiF detectors in the center, an unmoderated set of TLD detectors, a cadmium 
covered set of unmoderated TLD detectors, a plastic scintillator C(n2n) threshold 
activation detector, and a large bismuth fission counter. Each of these ten detectors 
has a unique sensitivity for neutron detection as a function of neutron energy. 
Computer codes are used to unfold the neutron-energy spectrum that matches input 
data from the ten detectors. The unfolding codes yield a spectrum that covers the 
energy range from 0.01 eV to 400 MeV. The upper limit is determined by the limits 
on the known response functions of the detectors. The C(n,2n) reaction has an 
energy threshold of 20 MeV, and the bismuth fission counter has a 50-MeV threshold 
energy. In addition, an Albatross-1V and two personnel dosimeter badges on a 
polyethylene phantom were placed next to the detector array. Two other sets of 
dosimeter badges were placed on phantoms in other locations in ER-1. 



856 LANSCE neutron spectrum measurement 

Measurements 

The array of detectors was set up in ER-I at the location (#Z) indicated in Fig. 1 at an 
elevation of -1 m above the floor. The location of the carbon beam block in Line D 
(above) is also indicated on Fig. 1. The detectors were at an angle of -70 degrees 
relative to the incident proton beam. The floor of the Line-D beam tunnel is 1.5 m 
of ordinary concrete at this location. The locations of other sets of dosimeters is also 
shown on Fig. 1 (#l and #3). The proton beam was directed onto the carbon block 
from 2140 to 2245 hours with a down time of eight minutes at about the half-way 
point of the run. The proton beam current was determined to be steady at -100 nA, 
based on several methods of estimation. 

LANSCE EXPERIMENT ROOM 1 

FLUOR ELEV. 

2111.23 

CARBON BEAM BLOCK 

SPECTRUM 

A 2 ALBATROSS AND 

- BADGE LOCATIONS 

Fig. 1 Locations of neutron measurements in LANSCE/ER-1 relative to location of 
carbon block in Line D (above). 
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The neutron spectrum determined from the unfolding codes is shown in Fig. 2. The 
codes show good general agreement up to about 60 MeV. There is poorer agreement 
in the number of neutrons present above that energy. The neutron-radiation field 
parameters resulting from the spectrum unfolding codes are summarized on the figure. 
The important quantity is the computed dose equivalent rate of 610 mrem/h. The 
dose equivalent distribution in neutron energy indicates that 70% of the neutron dose 
is due to neutrons of energy greater than 10 MeV, although this region includes only 
about 25% of the total flux density. 
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Fig. 2 Unfolded-neutron-energy spectrum (four unfolding codes) in LANSCE/ER-1. 

Table 1 summarizes the results from each of the detectors used at the location of the 
spectrum measurement, 

Table 1 

Detector/Systems Used 
Spectrum Unfolding (Ave.) 
Albatross (Location #2) 
Carbon Scintillator 
Bismuth Fission Counter 
TLD Personnel Badge 
NTA Track Film 

DE Rate 
mremjhr 

610 
300 
340 
420 
100 
480 

Flux Density 
n/cm2s 
7600 

n/a 
1700 
2100 

The TLD Personnel Badge and the NTA Track Film were interpreted as if they were 
ordinary badges being worn by personnel, with the calibrations based on Cf-252 and 
Pu/Be neutrons, respectively. 
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The TLD and NTA dosimeters on phantoms at the other two locations in ER-I 
indicated the dose results compared to the Albatross readings as shown in Table 2. 

Table 2 

,“:““I 

The Albatross readings are “eyeball” type averages of the remote readouts during the 
course of the measurement. Again, the TLD and NTA data were interpreted with the 
normal dosimetry calibrations. 

Conclusions 

The following observations and conclusions can be made from these comparison data: 

The Albatross underestimates the true dose rate by -50% for the measured neutron 
spectrum. This is not unexpected because the response of the Albatross falls off 
severely above 20-MeV neutron energy. 

The sum of the Albatross plus the plastic scintillator result gives good agreement 
with the total dose from the unfolded spectrum. This good agreement may be 
fortuitous, but it does look reassuring that everything is consistent, 

The TLD badge unden-esponds by a factor of six in the neutron spectrum at 
Location 2. This is because the sensitivity of the albedo-type dosimeter falls off 
very badly for neutrons of energy above 1 MeV. 

The NTA film at Location 2 also under-responds, but only by about 20%. (The 
NTA film has an effective threshold of -1 MeV.) The sum of the TLD and NTA is 
580 mrem, which is very close to the results from the spectrum-unfolding results. 
This, again, may be fortuitous, but it is consistent with the ranges of sensitivities 
of the two types of dosimeters. 

The TLD badges at the other two locations (1 and 4) also underestimated the dose 
compared to the Albatross to about the same degree as Location 2. What we don’t 
latow is how much the Albatross is underestimating at Locations 1 and 4. 

Based on the above results and conclusions, personnel who had access and reason to 
work in ER-I during the 1988 LAMPF running period were assigned both a TLD and 
an NTA badge. Interpretations for any positive results were based on the same 
calibrations as used in Table 1. The sum of these two numbers was used for an 
individual’s total neutron-dose equivalent. For neutron spectra similar to those 
measured at location #2, this estimated value of dose equivalent should be within 
f30% of the true value. 



The ISIS target halo monitors 

A. Came 
Rutherford-Appleton Laboratory 
Chilton, Nr Didcot, Oxon 
UNITED KINGDOM 

First halo monitor 

The first ISIS target halo monitor was installed in July 1985 and was located some 
360 mm in front of the input beam window of the target. It was provided because 
there was concern with the size and alignment of the extracted proton beam impacting 
the target. Size was important because of the unknown effects of energy depositions 
at the outer radius of the uranium disc (45 mm), on the circumferential uranium- 
zircaloy intermetallic bond, and on the zircaloy cup-to-stainless-steel picture frame 
compression fit. Alignment was important because of asymmetry effects on 
neutronic coupling, risk of increased charged-particle escapes (especially towards the 
lower, liquid-methane moderator), and of asymmetric energy deposition across the 
zircaloy and stainless-steel picture frame. 

For an expected proton beam spot on target of parabolic intensity distribution of base 
70 mm, the halo monitor diameter was 80 mm. Of the possible electrical or 
mechanical devices considered, a simple passive system was chosen of an annulus of 
metal (stainless steel) intercepting the beam halo. The annulus was thermally 
isolated and used reactor-grade thermocouples to measure the temperatures. The 
annulus was made into four quadrants to give some directivity, and each quadrant 
carried two thermocouples. Figure 1 is a drawing of the halo monitor, resting in its 
support frame. Though half the thermocouples were intended to act as spares, in 
practice all eight thermocouples were monitored and the resulting display gave a very 
graphic indication of the transmission of the beam through the aperture. In action 
the halo monitor was rather sluggish, with slow temperature rise and fall times and 
with a slow scanning speed (about 30 seconds per scan). 

New halo monitor 

A new halo monitor was built and installed in March 1988 to overcome the 
limitations of the first one. Figure 2 gives a back view of the new device, where the 
thermocouples were mounted on eight smaller stainless-steel fingers (octants): four, 
at N, E, S, W have an inner diameter of 75 mm and the other four at 85 mm 
diameter, The resulting display (in color) thus gives a better indication of alignment 
and a first order indication of intensity distribution. A new scanner, based on a 
dedicated PC, is to be implemented to reduce the total scan time to four seconds. 
Figure 3 shows the halo-monitor display in a normal operating state with a 100+&A 
proton beam. The circles based on the center cross indicate alignment and uniformity 
of distribution. Alarm states are shown by a change of color (from green to blue) of 
any thermocouple or pair of thermocouples. If a temperature difference across a 
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Fig. 2 New octant halo monitor, rear view. 
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Fig. 3 Halo monitor display. 
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Fig. 4 Target (internal) diagnostic plate. 
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Fig. 5 Location of diagnostic plate in target. 
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Summary of the Los Alamos Spallation Radiation 
Effects Facility at LAMPF (LASREF) 

W. Sommer 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 
USA 

Facility 

The following components and procedures are in place and have been demonstrated to 
be operationally reliable. We have also made progress in characterizing the neutron 
environment, through both calculation and activation foil measurements. 

. Three proton irradiation ports, each with a usable volume of 150 cm3. Total 
permissible mass density in the beam is lo-20 gm/cm2, subject to occasional 
scheduling constraints. 

l Proton flux in the beam center of 2 to 4 x 114 protons/cm2s. 

9 Proton irradiation capsules capable of controlled operation at elevated 
temperature. 

l Twelve neutron irradiation ports, each with an irradiation volume bounded by 
dimensions of 10 x 20 x 40 cm.’ 

l Neutron flux of 2-6 x 1013 neutrons/cm% (at 3 of the 12 ports) determined both 
by measurement and Monte Carlo calculations. The energy distribution 
resembles a fission spectrum with the addition of substantial numbers of neutron 
in the 10-100 MeV range, i. e., a high-energy tail. 

. Neutron irradiation capsules/furnaces that have operated up to temperatures of 
650°C. Samples experience an inert gas atmosphere. 

l Closed-loop water and helium heating/cooling systems. 

. On-line continuous data acquisition and experiment control. 

l Remote handling of radioactive samples. Experiment changes have been made in 
6 h during a scheduled LAMPF maintenance day. 

l Field-Ion-Microscopy laboratory has been used successfully to explore atomic- 
resolution details of depleted zones. 
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Irradiation experiments performed 

l Five independent proton irradiations containing about 30 different 
materials/alloys. 

l Four independent neutron irradiations containing about 50 different 
materials/devices. 

l Seven approved LAMPF experiments over the last three years. Includes 
ceramics and graphites sponsored by KFA Julich for the European fusion 
community. 

Active experiments/spokespersons/sponsors 

Experiment #769 “Proton Irradiation Effects on Candidate Materials for the German 
Spallation Neutron Source” 

l W. Lohmann, KFA Julich, FRG 
l W. Sommer, Los Alamos 

Experiment #936 “Additional Measurements of the Radiation Environment at the Los 
Alamos Spallation Radiation Effects Facility at LAMPF” 

l D. Davidson, Iowa State University 
l M. Wechsler, Iowa State University 

Experiment #943 “Microstructural Evolution and Mechanical Property Changes in 
316 Stainless Steel, Al, and MO under Irradiation with Different 
Displacement/Helium Production Rates and Ratios” 

l J. Yu, Institute of Atomic Energy, Peoples Republic of China 
l M. Borden, New Mexico Institute of Mining and Technology 
l W. Sommer, Los Alamos 

Experiment #929 “Crack Growth in 800-MeV Proton and Neutron Irradiated Alloy 
718” 

l R. Brown, Los Alamos 

Experiment #932 “Radiation Damage in Magnetically Soft Crystalline and 
Amorphous Alloys” 

9 J. Cost, Los Alamos 
l R. Brown, Los Alamos 

Experiment #986 “Spallation Neutron Irradiation of Non-Oxide Ceramics for First- 
Wall Fusion Reactor Application” 

l B. Thiele, KFA Julich 
l J. Linke, JSFA, Julich 

Experiment #987 “Fast Neutron Irradiation Screening Test of Polycrystalline 
Graphites under Fits-Wall Fusion Conditions” 

l W. Delle, KFA Julich 
l B. Thiele, KFA Julich 
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Experiment #lo14 “Proton, Spallation Neutron, and Fission Neutron Irradiation of 
Copper” 

l A. Horsewell, RISO National Laboratory, Denmark 
l W. Sommer, Los Alamos 

Letter of Intent-“Measurement of Point Defect Concentrations in Metals During 
800-MeV Proton Bombardment” 

. M. Eltrup, A. Horsewell, and B. Singh, RISO National Laboratory, Denmark 
l W. Sommer, Los Alamos 
. S. Lin, Peoples’ Republic of China 

Letter of Intent-“Resistivity Measurements on Alumina” 
l F. Clinard, Los Alamos 

Letter of Intent-“Effects of Temperature, Neutron Spectrum, Size, and Composition 
on the Neutron-Induced Embrittlement of Nuclear Pressure Vessel Steels” 

l A. Kumar, University of Missouri-Rolla 
l F. Garner, Battelle Pacific Northwest Laboratories 
l M. Hamilton, Battelle Pacific Northwest Laboratories 
. G. Lucas, University of California-Santa Barbara 

Major results 

Measured neutron flux and spectra are in good agreement with previous Monte 
Carlo calculations. 

Field-Ion-Microscopy of irradiated W shows detail of a depleted zone and 
suggests dynamic transport of atoms. 

Precipitation hardened alloys of Al-Mg-Si and cold-worked alloys of Al-Mg lose 
their strength to the annealed level at a low dose of 3 x RF0 protons/cm2 and at a 
temperature <lOO OC. In the Al-Mg-Si alloy, the Mg$i precipitates dissolved 
and in the Al-Mg alloy, the dislocation structure was greatly altered. This 
material is a candidate for beamline windows and high conductivity/low 
activation applications for pulsed neutron sources in Germany, England, and the 
us. 

Irradiation of electrical components essential for in-situ stress-strain, fatigue, and 
creep measurements showed them to be sufficiently reliable when properly 
shielded. 

Measurement of gas production (He) in several materials irradiated with protons 
allows refinement of codes currently used to predict radiation damage parameters. 

Future plans/possibilities 

l In-situ measurement of mechanical properties of irradiated materials. Testing 
machines developed and built by KFA Julich are now available at LAMPF. 
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Since the KFA spallation neutron facility project has been canceled, we will need 
a dedicated team to bring this equipment into use. 

Measurement of microstructural evolution in Cu, MO, and Al under varying 
ratios of gas production/atomic displacement. Irradiations are now underway 
using the LAMPF proton beam, the LAMPF neutron flux, and the Danish DR-3 
fission reactor. This experiment tests a recent theory based on non-equilibrium 
thermodynamics and kinetics developed by Jinnan Yu (visiting scientist from the 
PRC) during his stay at Los Alamos. 

Measurement of point defect generation and transport using resistivity 
measurements, positron annihilation technique, field-ion-microscopy, and 
internal friction measurements. Resistivity measurements will begin at liquid 
He temperature; we expect to have a cryogenic facility. 

Development of a high-Z target for eventual use at LANSCE. Samples of U and 
U alloys have been irradiated and await analysis. 

Rutherford/ISIS advanced target development. 

LAMPF Advanced Hadron Facility target cell development. 

Investigations of properties of superconducting materials under radiation for the 
Superconducting Super Collider project, 

Increased involvement with universities/graduate students. 

Active collaborators 

l RISO National Laboratory, Denmark 
A. Horsewell 
M. Eltrup 
B. Singh 

l KFA-Julich, West Germany 
W. Lohmann 
B. Thiele 

l SIN/EIR, Switzerland 
W. Green 
M. Victoria 

l Atomic Energy Commission, Peoples Republic of China 
J. Yu 
S. Lin 

l Iowa State University 
M. Wechsler 

9 New Mexico Institute of Mining and Technology 
0. Inal 
M. Borden 

l Battelle Pacific Northwest Laboratories 
F. Garner 



lASt?EF summary 889 

l Los Alamos National Laboratory 
R. Brown 
J. Cost 
G. Russell 
G. Legate 
F. Clinard 

*University of Missouri-Rolla 
A. Kumar 

Program Advisory Committee (PAC) 

LAMPF utilizes peer review of research proposals to determine the scientific merit 
and feasibility for each proposed experiment. A Materials Science Subcommittee of 
the PAC is in place. Present members of the PAC are: 

Frank Garner, Battelle Pacific Northwest Laboratories, Chairman 
Ken Russell, Massachusetts Institute of Technology 
James Stubbins, University of Illinois 
Arvind Kumar, University of Missouri 

Theoretical/computational 

L.N. Kmetyk, W.F. Sommer, J. Weertman, and W.F. Green, “An Analytic Com- 

parison of the Effect of Steady State and Cyclic Pulsed Radiation on Void Growth 

and Swelling,” J. Nucl. Mater. & and && pp. 553-557 (1979). 

L.N. Kmetyk, W.F. Sommer, and J. Weertman, “The Effect of Cyclic Pulsed Tem- 

perature on Void Growth in Metals During Irradiation,” J. Nucl. Mater. I.@ and 

Ul4, pp. 1409-1414 (1981). 

L.N. Kmetyk, J. Weertman, W.V. Green, D.M. Parkin, and W.F. Sommer, “Void 

Growth and Swelling for Cyclic Pulsed Radiation,” J. Nucl. Mater. 98, pp. 190- 

205 (1981). 

Wechsler, M.S., Davidson, D.R., Greenwood, L.R., and Sommer, W.F., “Calcu- 

lation of Displacement and Helium Production at the Clinton P. Anderson Mesou 

Physics Facility (LAMPF) Irradiation Facility,” Effects of Radiation on Materials: 

Twelfth International Symposium, ASTM STP 870, F.A. Garner and J.S. Perrin, 

Eds., American Society for Testing and Materials, Philadelphia, PA (1985), pp. 1189- 

1198. 
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J. Yu, W.F. Sommer, and J.N. Bradbury, “Microstructural Evolution under Parti- 

cle (Neut,ron ant1 Proton) Irradiation: Nonequilibrium Sthtistics Theory for Bubl~le 

Nucleation autl Growth,” LA-UR 85-2851 Rev., presented at the Second Int.ernn- 

tional Conference on Fusion Reactor Materials, Chicago, IL, April 13-17, 1986. To 

be published iu J. Nucl. Mater. 

J. Yu, W.F. Sommer, and J.N. Bradbury, “Interstitial Dislocation Loop Nucleation 

and Growth and Swelling Produced by IIigh Energy Cascades,” LA-UR 85-3011, 

presented at the Thirteenth International Symposium on Effects of Radiation on 

Mat.erials, Seattle, WA, June 23-25, 1986. To be published in Ihe Proceedings. 

Facility characterization/description 

W.F. Sommer, L.N. Kmetyk, W.V. Green, and R. Damjanovich, “Use of the 

LAMPF Acceleritor as a Fusion Materials-Radiation Effects Facility,” J. Nucl. Mater. & 

and 104, pp. 1583-1588 (1981). 

K.E. Christensen, G.A. Bennett, and W.F. Sommer, “An In-Situ Mechanical- 

Radiation Effects Test Capsule for Simulating Fusion Materials Environments,” 

J. Nucl. Mater. m and m, pp. 1517-1521 (1981). 

R.D. Brown and D.L. Grisham, “Design and Operation Water-Cooled Pyrolytic 

Graphite Targets at LAMPF,” 1981 Particle Accelerator Conference, Accelerator 

Engineering and Technology, Washington, DC., March 11-13, 1981, IEEE Transac- 

tions on Nuclear Science, Vol. NS-28, 2940 (1981), Los Alamos National Laboratory 

Report LA-UR 81-685 (1981). 

R.D. Brown and D.L. Grisham, “Graphite Targets at LAMPF,” Particle Acceler- 

ator Conference, March 21-23, 1983, IEEE Transactions on Nuclear Science, Vol. 

NS-30,280l (1983), Los Alamos National Laboratory Report LA-UR 83-956 (1983). 

L. Agnew, D. Grisham, R.J. Macek, W.F. Sommer, and R.D. Werbeck, “Design 

Features and Performance of the LAMPF High Intensity Beam Area,” presented at 
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t,lre ICANS VII meet.ing, Chalk River, Ontario, CANADA, Sept. 12-IG, 1983. To 

be published in the Proceedings. 

D.R. Davidson, R.C. Little, W.F. Sommer, J.N. Bradbury, and R.E. Prael, “Char- 

acterization of the Radiation Environment at a New Proposed Irradiation Facility 

at LAMPF,” J. Nucl. Mater. 122 123, pp. 989-994 (1984). 

M.S. Wechsler and W.F. Sommer, “The Radiation Damage Facility at. the LAMPF 

A-G Target Station,” J. Nucl. Mat.er. 122 123, pp. 1078-1084 (1984). 

Davidson, DR., Greenwood, L.R., Reedy, XC., and Sommer, W.F., “Mea- 

sured Radiation Environment at the Clinton P. Anderson Meson Physics Facil- 

it.y (LAMPF) Irradiation Facility, Effects of Radiation on Materials: Twelfth Inter- 

nat.ional Symposium, ASTM STP 870, F.A. Garner and J.S. Perrin, Eds., Ameri- 

can Society for Testing and Materials, Philadelphia, PA, 1985, pp. 1199-1208. 

D.R. Davidson, W.F. Sommer, I.K. Taylor, R.D. Brown, and L. Martinez, “ ‘Rabbit’ 

System for Activation Foil Irradiations at the Los Alamos Spallation Radiation Ef- 

fects Facility at LAMPF,” LA-UR 85-3630 Rev., presented at the Second Interna- 

tional Conference on Fusion Reactor Materials, Chicago, IL, April 13-17, 1986. Not 

to be published. 

W.F. Sommer, W. Lohmann, I.K. Taylor, and R.M. Chavez, “Operating Experience 

at the Los Alamos Spallation Radiation Effects Facility at LAMPF,” LA-UR 85- 

3917, presented at the Thirteenth International Symposium on Effects of Radiation 

on Materials, Seattle, WA, June 23-25, 1986. To be published in the Proceedings. 

D.L. Grisham, J.E. Lambert, and W.F. Sommer, “Major Facility Overhauls at 

LAMF’F,” IEEE Transactions on Nuclear Science, NS-32(s), 3095-3097, (1985). 

Los Alamos National Laboratory document LA-UR 85-1736 (1985). 

W. Lohmanu and W.F. Sommer, “Materials Problems Relevant to a Pulsed High 

Power Spallation Target,” Rutherford Report, ISIS/PGT/lS, November 1986. 
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Experiments 

II. Jang, J. Moteff, L. Levinson, R.D. Brown, aud W.V. Green, “Defect Forma- 

tion in 800-MeV Proton Irradiated Aluminum,” Los Alamos National Laboratory 

Report LA-8127-MS, November 1979. 

R.D. Brown, W.F. Sommcr, and W.V. Green, “Irradiation Damage in Metals Pro- 

duced by 800-MeV Protons,” Los Alamos Scientific Laboratory Report LA-7939-MS 

(July 1979). 

0-T. Inal and W.F. Sommer, “800-MeV Proton Damage 

denum, A Field-Ion Microscope Observation,” J. Nucl. 

(1981). 

in Tungsten and Molyb- 

Mater. $Q, pp. 94-99 

J.R. Cost and W.F. Sommer, “Response of Metallic Glasses, FeloNi,sPldBs and FessBra 

to Irradiation wit.11 800-MeV Protons,” J. Nucl. Mater. m and m, pp. 773-778 

(1982). 

W.F. Sommer, D.S. Phillips, W.V. Green, 

Irradiation Damage in Cyclically-Stressed 

2G7-27G (1983). 

L.W. IIobbs, and CA. Wert, “Proton 

Aluminum,” J. Nucl. Mater. u, pp. 

D.J. Farnum, W.F. Sommer, and O.T. Inal, “A Study of Defects Produced in 

Tungsten by 800-MeV Protons Using Field Ion Microscopy,” J. Nucl. Mater. 122 

123, 996-1001 (1984). 

R.D. Brown, J.R. Cost, and J.T. Stanley, “Effects of Neutron Irradiation on Mag- 

netic Permeability of Amorphous and Crystalline Magnetic Alloys,” Conference on 

Magnetism and Magnetic Materials, Pittsburgh, PA, November 8-11, 1983, pub- 

lished in J. Appl. Phys. s, 

LA-UR 83-2718 (1983). 

1754 (1984), Los Alamos National Laboratory Report 

R.D. Brown and J.R. Cost, “Mechanical Properties of 800-MeV Proton-Irradiated 
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Metals,“Effects of Radiation on Materials, Eleventh Conference, ASM STP 782 II. 

R. Brager and J.S. Perrin, Eds., American Society for Testing and Materials, 

pp. 917-92G, 1982, Los Alamos National Laboratory Report LA-UR 82-672 (1982). 

R.D. Brown, J.R. Cost, and J.T. Stanley, “Irradiation-Induced Decay of Magnetic 

Permeability of Metglas 26053-3 and Mumetal,” published in J. Nucl. Mater., m, 

37 (1985), Los Alamos National Laboratory Report LA-UR 84-875 (1984). 

D.R. Davidson, W.F. Sommer, and M.S. Wechsbr, “Additionai Measurements of 

the Radiation Environment at the Los Alamos Spallation Radiation Effects Facility 

at LAMPF,” LA-UR 85-3502 Rev., presented at the Thirteenth International Sym- 

posium on Effects of Radiation on Materials held at Seattle, WA, June 23-25, 1986. 

To be published in the Proceedings. 

D.J. Farnum, W.F. Sommer, O.T. Inal, and J. Yu, “Quantitative Study, by Field 

Ion Microscopy, of Radiation Damage in Tungsten after Neutron and Proton Irra- 

diation,” LA-UR 85-3918, presented at the Thirteenth International Symposium on 

Effects of Radiation on Materials, Seattle, WA, June 23-25, 1986. To be publish&l 

in the Proceedings. 

W. Lohmann, A. Ribbens, W.F. Sommer, and B. Singh, “Microstructure and Me- 

chanical Properties of 800-MeV Proton Irradiated Commercial Aluminum Alloys,” 

LA-UR 85-2296, presented at the RISO National Laboratory Workshop on The Re- 

lation Between Mechanical Properties and Microstructure Under Fusion Irradiation 

Conditions, June 27-July 2, 1985. To be published in Rad. Effects. 

B.N. Singh, W. Lohmann, A. Ribbens, and W.F. Sommer, “Microstructural Changes 

in Commercial Aluminum Alloys after Proton Irradiation,” LA-UR 85-4074, pre- 

sented at the Thirteenth International Symposium on Effects of Radiation on Ma- 

terials, Seattle, WA, June 23-25, 1986. To be published in the Proceedings. 

B.N. Singh, W.F. Sommer, and W. Lohmann, “Transport and Accumulation of He- 
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lium Produced During 800-MeV Proton Irradiation of Aluminum and Aluminum 

Alloys,” LA-UR 85-3403, presented at the Second International Conference on Fu- 

sion Reactor Materials, Chicago, IL, April 1986. To be published in the J. Nucl. Mater. 

D.J. Farnum, W.F. Sommer. O.T. Inal, and J. Yu, “Field Ion Microscopy Study 

of Depleted Zones in Tungsten after Proton Irradiation,” LA-UR 85-3916 Rev., 

present.ed at the Second International Conference on Fusion Reactor Materials, 

Chicago, IL, April 13-17, 1986. Not to be published. 

K.O. Jensen, M. Eldrup, B.N. Singh, A. Horsewell, M. Victoria, and W.F. Som- 

mer, “Characterization of Vacancy and Vacancy-Gas Agglomerates in Aluminum 

Irradiated with Medium-Energy Protons by Positron Annihilation,” presented at 

the International Conference on Vacancies and Interstitials in Metals and Alloys, 

Berlin, FRG, September 14-19, 1986. 



Workshop summary on practical concerns 

T. A. Broome 
Rutherford-Appleton Laboratory 
Chilton, Oxon 
UNITED KINGDOM 

The purpose of this session was to provide an opportunity to discuss topics of 
practical concern in the operation and design of spallation sources. There were five 
presentations: each addressing a different subject. 

Mike Howe (LANL) described, in detail, measurements of dose rates in Experimental 
Room 1 at LANSCE. The basic difficulty of high dose rates in ERl when beam is 
lost in the adjacent proton channel had been mentioned in a previous session at the 
meeting. This presentation described the detailed investigations to quantify the 
problem and, thus, enable a practical solution to be developed in providing safe 
access to the area. 

This was, in essence, a shielding experiment that had our two main features of 
general interest. The health-physics aspects establishes two things: the scale of the 
hazard in sufficient detail to enable decisions to be made on the control of access to 
the area; and dosimetry that provides safe working conditions. Standard personal 
dosimeters were exposed during the experiment to assess how effectively they 
measured the dose. The neutron spectrum was found to have a very large component 
of high-energy neutrons and, as a result, the TLD badges, which are insensitive in the 
high-energy regime, gave a poor measurement of the dose. For this reason a second 
type of badge using NTA film, which has a better high energy response, is used in 
addition to the TLD badge when personnel enter ERl. The second feature concerns 
the measurements themselves, both the techniques and the rest&s. The source was 
well known-100 mA of SOO-MeV protons incident of a copper beam stop-and the 
shield is a 5ft.-thick concrete wall. The neutron spectrum, and dose rate, were 
measured using a variety of detectors and unfolding codes. The experimental data 
were in good agreement with shielding calculations. 

The measurement of dose rates in a pulsed fast neutron field has always been a 
technical challenge. Mike Howe described a new instrument that has been developed 
from the “Albatross” detector. The principle of operation is unchanged. 
Polyethylene is used to moderate the neutrons. A Geiger tube wrapped in silver foil 
detects the gammas from both thermal neutron capture in silver and the external 
radiation field. A second Geiger tube wrapped in tin foil detects just the external 
gammas. Subtracting the two gives the neutron field. The main development has 
been in the electronics to give a faster response, which allows the instrument to be 
used in a trip system. It is now fully developed, commercially available, and is a 
significant advance in dosimetry for pulsed sources. 
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Recent ISIS target failures, discussed elsewhere at this conference, have highlighted 
the need to have accurate alignment of a high-intensity beam on a target. The very 
high prompt radiation levels limit the possible beam-position detectors that can be 
placed near a target. Alan Came (RAL) described the approach used at ISIS to 
monitor the position of the beam as it enters the target. Eight thermocouples are 
mounted on thermally isolated stainless-steel plates and are positioned symmetrically 
around the theoretical beam axis, four on a circle of diameter 75 mm and four on a 
diameter of 85 mm in the tails of the beam. Beam misalignment is then detected as a 
temperature difference between opposite thermocouples. These data can then be used 
in graphic displays, to generate warning messages to the operations staff and, if 
required, trip the accelerator. The principle is to be developed further in future targets 
by installing a similar arrangement of thermocouples in a special plate about halfway 
along the target. It is hoped that the external beam-halo monitor and the new internal 
diagnostic plate will provide a substantial improvement in beam-position monitoring 
and control, which is vital to improve the lifetime of the targets. It was clear from 
the discussion that followed the problem of monitoring a high-intensity proton beam 
near a target is one of common interest and one that presents a serious, and 
continuing, technical challenge. 

Radiation damage is a concern of great importance to high-power spallation sources, 
particularly for the design of targets and proton-beam windows. Very little 
information is available to quantify the damage processes in the radiation field around 
a spallation target, and extrapolation from reactor experiments is subject to quite 
basic uncertainties. Irradiation testing on crucial components will become an 
increasing part of the design process. Walt Sommer (LANL) described the irradiation 
test facilities at the LAMPF beam stop. The LAMPF proton current of 0.8 mA at 
an energy of 800 MeV makes this facility ideally suited for studies of spallation 
sources. In fact, experiments were carried out for the SNQ project and are planned to 
study proton-beam window design for the SINQ facility. Both proton and neutron 
irradiations can be performed, and there is great flexibility in the physical 
arrangement and environment of the irradiation samples. Irradiations at elevated 
temperatures (650°C in the proton capsule and 850°C in the neutron capsule) can be 
accommodated. A tensile test rig is available that is capable of simulating cyclic 
stress problems. The general arrangement of the irradiation volumes allows the user 
great freedom to design equipment to provide special sample conditions. This is an 
excellent international user facility with peer review for experiments. The use of the 
protons is parasitic, which eases scheduling problems and reduces the cost of an 
experiment. Users are responsible for any new experimental equipment required for 
the sample environment. 

The use of equipment at cryogenic temperatures is a common feature of neutron 
scattering facilities. This includes the sample environments as well as the cold 
moderators operated or planned at all sources. Moderators present particular problems 
in that, as well the cryogenic temperatures of the sources (c 100 K), the moderator 
fluids are also potentially explosive. This combination imposes severe constraints 
on the designers to ensure the systems are safe to install, commission, operate, and 
maintain. That the moderators themselves also become radioactive adds further to the 
design problems. Ken Williamson (LANL) reviewed the safety aspects of designing 
and operating cryogenic systems. The basic considerations underpinning the design 
of cryogenic systems and the principal hazards were discussed in detail. Some of the 
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common causes of operational problems were discussed such as inadequate pressure 
relief and insufficient attention to cool-down stresses. There was a discussion of the 
administrative and technical systems at the different laboratories for dealing with 
operational safety matters, which also have an important influence on design. 

The topics and the discussion at this session were concerned with quite basic practical 
problems of operating and designing spallation sources. ICANS presents a unique 
forum for such discussions and I believe all those present found the session most 
useful and informative. 
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PART A: A SUMMARY OF THE PLENARY SESSIONS 

Overviews 

The overview session is best assessed by comparing such sessions from successive 
ICANS meetings. In this way it can be seen that while all sources are still 
experiencing teething troubles, they all are making substantial progress. Also, we 
might say that this meeting has celebrated the maturing of ISIS. It is approaching 
100 pA and long periods of steady running on -10 instruments. We could take the 
combination of these three items as the measure of a mature modem installation. 

The emphasis at both ISIS and LANSCE is now on reliability and uniform 
operation. This is also an indication of maturity because it shows that the early 
phase of just getting the source to work is over. At IPNS, the new topic is the 
booster target. We look forward to news of its operating characteristics. If the 
design performance is achieved, IPNS will be able to continue to be competitive with 
the other two sources. KENS works at.a lower current and fewer days than the other 
sources, but it continues to produce good results in cases where some resolution can 
be sacrificed to increase intensity. Because of the steep relationship between 
intensity and resolution, they can do this successfully. 

In reviewing the progress announced during the first session, a “hardened reactor user” 
was overheard to say that pulsed sources have now proved that they are here to stay. 

Current Problems 

The second session was devoted really to current problems. These included problems 
with several types of targets and moderators and with the performance of storage rings 
and of shields. It was possible during this session to pick up an unduly pessimistic 
view of the progress being made with pulsed sources. This session involved a frank 
debate over the technical problems that have prevented the full realization of the 
optimistic predictions of earlier years. A reasonable conclusion would be that the 
problems discussed are being resolved slowly and, therefore, those predictions were 
justified-albeit over a longer time scale. Alternatively, we can say that we are 
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learning how to design targets and moderators, how to operate accelerators and storage 
rings, and how to shield sources and experiments in the necessary depth and detail 
required to meet the initial specifications. Probably the depth required had not been 
appreciated or had not been fully funded, and consequently the necessary work had to 
be extended over many years. However, papers in this session revealed that 
reasonable solutions are possible and in many cases in hand, so that at the next 
ICANS meeting we can expect fewer problems to be reported. 

Moderators and New Instruments 

The fertility of this field is (perhaps) demonstrated most aptly by the avid discussion 
of new moderators, new instruments and new techniques in data handling and data 
reduction. New kinds of experiments were debated in a similar way also. While 
experience shows that not all these ideas will survive the test of time, there seems to 
be no doubt that a number of them will do so. Consequently, we can expect that 
future ICANS meetings will see the successful outcome of many of the proposals 
discussed this week, and the benefits that accrue to a field as fertile as this one. Of 
course, they will be optimized in different ways for each of the various scientific 
fields. 

Future Sources 

No less than six future sources were discussed at this meeting. They may be divided 
into reactors (Maple and Advanced Neutron Source), C. W. accelerator (PSI Source), 
time-structured (Advanced Spallation Source), and pulsed accelerators (Aspun and 
KENS II). This discussion also demonstrates the fertility of the field and the benefits 
to be expected in the long run. In each case, the technical situation, operating 
characteristics, and funding were described clearly and frankly. The attainable flux 
levels and operating characteristics for the next decade are, thus, reasonably clear. 
Over the foreseeable future reactor fluxes will lie in the 1014-1016 n/cm2/sec range, 
with the lower end being regarded as a worthwhile lower limit for useful experiments 
and available in many places. For pulsed sources an output of 1015 to 1016 protons 
per second is probably the maximum that can be expected in the foreseeable future. 
The emphasis by the users at this meeting on reliable scheduled operation from, the 
accelerators is likely to dominate technical improvements over the next few years. 
Thus, the need for consolidation rather than brighter sources may delay further 
development of some of these ideas. Nevertheless, the idea that existing sources 
could be upgraded over the next decade, so that they might exploit some of the ideas 
discussed for new sources is a good idea which will be found on the agenda of future 
meetings. 

The Scientific Programs 

An exciting scientific program for pulse neutron sources was described at this 
meeting. However, an ICANS meeting is not the proper forum at which to judge its 
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rings, each of which services a different class of users. Thus, in 20 years, we may 
see a cluster of storage rings and associated sources surrounding a high current 
accelerator. In this event, the number of users could greatly exceed those at the 
typical reactor. Figure 1 shows such an assembly, using a 5 ma linac feeding 10 
storage rings each accepting 500 pA. The larger the installation, the larger will be 
the number of users and the more user friendly will both the organization and the 
instruments need to be Thus, user friendliness becomes an important goal of 
management, while management friendliness or administrator friendliness will be of 
lesser importance 

Fig. 1 

Each experimental class has optimized facilities, due to 
multiple targets, T, --- T c 

A High Power Accelerator could run many sources of different kinds. 

Many of today’s instruments are designed to have a high productivity, and sometimes 
they have been criticized for putting productivity ahead of the scientific method. In 
the early days of the three-axis spectrometer and the constant-Q method, Bert 
Brockhouse praised this instrument for discarding most of the neutrons in both the 
incident and scattered beams. “It gives me only the points I want,” he said “on a 
point-by-point basis at a human speed.” Then he continued, “For this reason, when 
my first experiment is concluded, I have had time to interpret it, and have planned the 
next experiment!” As neutron sources proliferate and are used on a daily basis, we 
shall probably see a return to this notion of operating experiments at a “human 
speed”, and thinking more deeply about the scientific method while they are in 
progress. 
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Because neutrons have so many useful properties and could be used by scientists in 
so many disciplines, there is need for a wide variety of sources and a variety of 
geographical locations. We may compare the availability of neutrons to photons 
(i.e., light- or x-rays). The difference lies in the absence of laboratory or local 
sources in the neutron case, compared to their ready availability in the case of 
photons. Neutron scattering will not develop unless this gap is closed. During the 
next 20 years, more attempts to close this gap will be made. On one hand, we can 
expect multiplexed accelerators offering a broad spectrum of options to an immense 
number of users, and on the other hand, we may expect inexpensive 1014 n/cm2 s 
reactors (e.g., the Maple) to become much more widespread. It is unlikely that the 
potential of neutron scattering in condensed-matter research will ever be realized 
unless the availability of medium-class sources proliferates in such ways. Thus, it is 
perhaps of greatest importance that designers regard cheapness, reliability and 
simplicity of operation as the primary goals for sources in this class. 

Some interesting predictions may be made by time projections of past experience. 
For example, the role of boosters on pulsed sources is changing. The Harwell 
electron linac booster (about 25 years ago) had a gain of 10, while the IPNS booster 
on a brighter source has a gain of 3. There are no plans for boosters on brighter 
sources. The reason seems to be that as the source brightness is increased, the 
instrument performance may be improved and the penalties of using a booster 
become more serious. To compensate for the defects, the booster gain is reduced; 
therefore, one can predict that boosters will disappear in about 10 years. 

Another prediction in this class can be made by plotting the time-from-conception to 
regular use for each decade’s high flux sources. This is shown in Fig. 2 for the most 
advanced source in four different periods (the time includes funding delays and other 
difficulties). It can be seen that the time scale increases uniformly, and if 
extrapolated for the case of the ANS, this graph predicts about 25-30 years. This is 
about twice the minimum time scale given by the designers. Thus, if the project 
was conceived during the late 70’s, this argument would predict regular use in the 
early years of the next century. Such a time scale is close to the length of a research 
scientist’s career and, hence, is likely to be unacceptable. If major projects are to be 
built successfully, this problem needs to be solved: it is, of course, a problem 
common to several fields. 

Finally, there has been some speculation at this meeting on the ultimate source. My 
version of this is shown in Fig. 3, the (ING)2. An international group is likely to 
develop it, and (ING)2 would provide the ultimate in C.W. sources for cold neutrons, 
thermal neutrons, and flux traps as well as the ultimate in pulsed sources, particularly 
in the field of giant pulses. It is also the ultimate in speculations. 
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Fig. 2 
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Fig. 3 Inter-National Group for an Intense Neutron Generator. 
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